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A long record of cloud optical thickness and effective particle radius retrieved from
cloud reflectance exists with no comparable dataset retrieved from cloud transmittance.
This is due to a lack of sensitivity to the effective radius in cloud transmittance. A new
algorithm that uses spectrally resolved cloud transmittance observations to retrieve optical
thickness and effective radius is presented. The algorithm relies on the spectral slope of the
normalized transmittance between 1565 nm and 1634 nm, and on cloud transmittance at a
visible wavelength. Using the spectral slope rather than the transmittance itself enhances
the sensitivity of transmittance observations with respect to the effective radius. This is
demonstrated by applying the algorithm to hyperspectral data from two field sites. The
liquid water path is derived and compared to the simultaneous observations from a microwave
radiometer and the optical thickness and effective radius are compared to MODIS retrievals.
The algorithm was applied to ship-based observations in another field campaign, CalNex,
which featured a day, 16 May 2010, of coordinated observations from a research ship and
aircraft, providing the opportunity to compare retrievals from surface-based radiometers, an
airborne radiometer, a satellite imager, and in-situ cloud probes. A statistical look at the
cloud properties is presented and compared to previous studies. The retrievals and cloud
transmittance are used to make observations of cloud transmittance susceptibility for the
first time. Cloud transmittance susceptibility quantifies the change in cloud transmittance
for a change in cloud droplet number concentration, thereby representing a possible change
in cloud transmittance due to a change in aerosol burden.
The results of the two initial case studies showed that, in general, the effective radius
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uncertainties were much larger for the standard retrieval than for the spectral retrieval, par-
ticularly for thin clouds. When defining 2 µm as upper limit for the tolerable uncertainty of
the effective radius, the standard method returned only very few valid retrievals for clouds
with an optical thickness below 25. At one field site (mean optical thickness 23), the spectral
method provided valid retrievals for 84% of the data (24% for the standard method). At
the other (mean optical thickness 44), both methods provided a high return of 90% for the
spectral method and 78% for the standard method. The CalNex comparisons for 16 May
2010 showed that the agreement between the retrievals increased as the difference between
the sampling volumes of the instruments decreased. The average in-situ reff (7.7 µm) fell
between the average reff retrieved using the Atlantis-based SSFR radiance (5.7 µm) and irra-
diance (9.5 µm). The statistical study of all clouds during CalNex showed a diurnal pattern
observed in previous studies of marine boundary layer clouds. The climatology of cloud op-
tical thickness and liquid water path was shown to be represented by a gamma distribution,
consistent with previous studies of high cloud fraction marine boundary layer clouds. Model
calculations of transmittance susceptibility showed that clouds are more susceptible as effec-
tive radius increases and less susceptible as optical thickness increases. The observations of
cloud transmittance susceptibility show that the clouds encountered during CalNex were not
highly susceptible. Comparisons to previous studies of cloud reflectance susceptibility also
show this. Comparisons of observations in northern California and southern California show
that the least susceptible clouds were in the south, where aerosol concentrations were higher
at the surface, effective radius was smaller, optical thickness was larger than the observations
in the north. a
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Chapter 1
Introduction
1.1 Clouds and climate
Clouds have an important influence on the flow of radiation in the atmosphere through
the processes of scattering, absorption, and emission. Clouds reflect incoming shortwave
radiation back to space reducing the amount of energy reaching the surface. Longwave
radiation can be absorbed by clouds, increasing the energy at cloud level, thereby, increasing
the longwave emission of the cloud layer. The former serves to cool the surface and the latter
serves to warm the surface. Loeb et al. [2009] calculated the net difference with data from
International Satellite Cloud Climatology Project (ISCCP), Clouds and Earth’s Radiant
Energy System (CERES), and Earth Radiation Budget Experiment (ERBE) and showed
that these two processes result in a net radiative effect ranging between -17.1 Wm−2 and
-24.5 Wm−2 which is a net cooling.
The cooling effect represent the global estimte and includes all cloud types. However,
not all cloud types result in a net cooling. High thin clouds, for example, tend to have a
warming effect by letting most shortwave radiation through while absorbing longwave radi-
ation. The cloud properties that regulate the radiative impact of clouds are influenced by
human activities. During the industrialized era, fossil fuel combustion has increased the car-
bon dioxide concentration and the aerosol burden in the atmosphere [see Forster et al., 2007,
for example]. The warming associtated with increased carbon dioxide concentrations may
impact clouds. Tselioudis et al. [1998] showed that the brightness of clouds was increased
2when air temperatures were cooler. This result was contrary to the belief that warmer air
temperatures would lead to increased water vapor and brighter clouds. Another brightening
effect of clouds comes in the form of aerosol-cloud interactions. Aerosols can act as cloud
condensation nuclei (CCN), resulting in a cloud with an increased number of smaller water
droplets, compared to a cloud with the same liquid water content, but lower CCN con-
centrations. Cloud with higher CCN concentrations are optically thicker and reflect more
radiation, the so-called Twomey effect [Twomey, 1974]. With carbon dioxide and aerosol
emissions on the rise the impact on clouds remains unclear. Monitoring the impact of these
changes requires reliable observations of surface and top-of-atmosphere radiation as well as
the derived cloud properties.
1.2 Cloud property retrievals
Despite decades of cloud observations, the role of clouds in the climate is not com-
pletely. One problem is that clouds have not been studied from the surface in any global,
systematic way. In contrast, aerosol properties are observed on a near-global scale through
the Aerosol Robotic Network [AERONET; Holben, 1998], which has proven indispensable for
validating aerosol retrievals from space. Cloud data sets such as the International Satellite
Cloud Climatology Project [ISCCP; Schiffer and Rossow, 1983] rely entirely on space-borne
observations. Ground-based cloud observations provide the surface radiative cloud forcing
more directly and therefore more accurately than satellite retrievals. In addition, they can
be used to validate satellite retrievals systematically. Due to their high temporal and spa-
tial resolution, surface-data also enables studies of the effects of aerosols on clouds, which
the Intergovernmental Panel on Climate Change (IPCC) lists as the largest uncertainty in
forecasting climate change [Forster et al., 2007].
There are two parameters needed to quantify the interaction of clouds and radiation,
the optical thickness, or equivalently, column integrated extinction (τ) and effective radius
3(reff) [Hansen and Hovenier, 1974]:
reff =
∞∫
0
Qext(r)r
3 n(r)dr
∞∫
0
Qext(r)r2 n(r)dr
(1.1)
where Qext is the extinction efficiency, n(r) is the cloud particle size distribution, and r is the
radius of the cloud particles. Satellite observations have provided the necessary observations
to derive these two cloud properties for many years. Optical thickness and effective radius can
be derived from cloud reflectance because reflectance monotonically increases with optical
thickness up to an asymptotic limit that is determined by the spectrally dependent bulk water
absorption (kb) and cloud droplet size. In the weak absorption and geometric optics limits of
the solar wavelength range, the absorption coefficient is proportional to the effective radius
[Twomey and Bohren, 1980]. This dependence results in cloud reflectance being primarily
dependent on effective radius in the spectral regions where liquid water is absorbing and
primarily dependent on optical thickness in spectral regions where water is nonabsorbing.
This is the basis of most cloud reflectance based retrieval algorithms [for example, Hansen
and Pollack, 1970; Twomey and Cocks, 1989; Nakajima and King, 1990, among many others].
Cloud transmittance observations offer a perspective on clouds unique from that of
cloud reflectance and could provide a means to validate satellite derived cloud properties,
which are essential for the global, climatic view. Since the radiation reflected by clouds has
mostly interacted with the uppermost cloud layers, reflectance-based retrievals of droplet size
are more strongly influenced influenced by droplets at cloud top. Platnick [2000] modeled
photon transport through clouds and derived the contribution of each cloud layer to the
observed transmittance or reflectance. They show that cloud transmittance is more evenly
weighted throughout the cloud. The range of values for the cloud radiative effect reviewed
in Loeb et al. [2009] demonstrate a need for validation of satellite derived cloud properties.
Surface observations, though lacking in spatial coverage, would provide increased statics
to satellite validation, compared to aircraft based retrievals which are used for satellite
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In Chapter 2 a new method for deriving cloud properties from zenith-viewing spectral
transmitted radiance. Cloud transmittance is more difficult than reflectance to exploit for
cloud retrievals, for two reasons. Firstly, there is no one-to-one mapping between trans-
mittance and optical thickness. For optically thin clouds, increasing the concentration of
scattering particles and thus the optical thickness results in more diffuse radiation that is
scattered into the zenith-viewing detector. Beyond an optical thickness of about four, at-
tenuation dominates, and the transmitted signal decreases with increasing optical thickness.
An observed radiance can originate from two different values of optical thickness, and a
transmittance-based retrieval is ambiguous. Secondly, in the limit of large optical thickness,
the transmitted signal is completely attenuated, regardless of wavelength and droplet size.
Reflectance, on the other hand, approaches a value which is non-zero and depends on the
effective radius. Therefore, information related to cloud particle size cannot be extracted
from transmittance observations using the same methods applied to cloud reflectance.
Several algorithms have been developed to obtain cloud optical thickness from trans-
mitted solar radiation. Leontyeva and Stamnes [1994] used transmitted broadband irradi-
ance which, unlike transmitted radiance, has a one-to-one relationship with optical thickness.
Barker and Marshak [2001] used a combination of irradiance and radiance at two wavelengths
to retrieve cloud optical thickness under broken cloud conditions and over a vegetated sur-
face. Marshak et al. [2004] demonstrated a technique to retrieve optical thickness and effec-
tive cloud fraction from transmitted radiance at 673 nm and 870 nm over vegetated surface,
where a ratio of the difference to the sum of the two radiances was used. They show that
this technique overcomes the ambiguity in retrieved optical thickness. This same approach
was applied to AERONET data by Chiu et al. [2010] who used radiance at 440 nm instead
of 673 nm. Efforts have been made to retrieve both optical thickness and cloud particle
effective radius. Rawlins and Foot [1990] used the ratio of cloud transmittance at 1550 nm
to 1040 nm and the transmittance at 1040 nm to retrieve optical thickness and effective ra-
5dius. They found, however, that the effective radius retrievals were not useful given their
high uncertainty. Kikuchi et al. [2006] used two pairs of absolute transmittance, 1020 nm
with 1600 nm and 1020 nm with 2200 nm, and retrieved both optical thickness and effective
radius. Although they did not publish the effective radius uncertainties, their results pertain
to an optical thickness from 10 to 40. As we will discuss in Chapter 1, the range from 25 to
40 is associated with the lowest retrieval uncertainty, and a dual-channel method is expected
to work if the measurement uncertainty is sufficiently small. For smaller or higher optical
thickness values, however, a dual-channel method generally leads to large uncertainties.
1.3 Retrieval algorithm application
In Chapter 3 the retrieval algorithm developed in Chapter 2 is applied to data collected
during the Research at the Nexus of Air Quality and Climate Change Campaign (CalNex).
CalNex was a field campaign that included two aircraft, several ground sites, and a ship, the
Atlantis (see Section 3.1.1 for more details). This field campaign took place over California
and in the coastal regions of the Pacific ocean. The Atlantis ship was deployed on 14
May 2010 and was active for 25-days. A hyperspectral radiometer, the Solar Spectral Flux
Radiometer, was part of the instrumentation package on board the ship and provided a
suitable dataset for applicaton of the retrieval algorithm developed in Chapter 2. CalNex
provided the opportunity to validate the retrieval algorithm and study marine boundary
layer clouds from the Atlantis.
Marine boundary layer clouds play an important role in the climate system. They exert
a negative top-of-atmosphere radiative forcing due to their high albedo in contrast to the low
albedo of the underlying ocean. Randall et al. [1984] have suggested that a 4% increase in
areal coverage of marine boundary layer clouds could offset the warming due to a doubling
of CO2. Cloud property statistics of low level marine clouds have been derived from satellite
observations, such as the Clouds and the Earth’s Radiant Energy System (CERES) [Wielicki
et al., 1996]. From the surface, statistics of cloud type and cloud coverage [Warren et al.,
62007] have been compiled, but not the properties needed to quantify the radiative impact of
clouds. Retrievals of cloud properties can differ depending on the viewing geometry, as shown
in Platnick [2000]. Observations of cloud properties from the surface are needed to provide
a more complete picture of clouds and to provide a means for validating and understanding
satellite retrievals.
Data from a a single overcast day during CalNex, 16 May 2010, was used to validate the
transmittance algorithm. This day featured overcast skies and coordinated cloud property
observations made from the ship, from an aircraft, and from satellite. By comparing the
retrievals from these different platforms, we validate the cloud transmittance-based retrieval
developed from Chapter 2. Using the CalNex-wide retrievals we provide the cloud property
statistics for the CalNex campaign. These statistics are put into context through comparisons
with previous distributions of cloud properties of marine boundary layer clouds in the same
region.
1.4 Cloud transmittance susceptibility
During the industrialized era our atmosphere has been altered with increased concen-
trations of aerosol and carbon dioxide [Forster et al., 2007]. These changes have the ability
to modify cloud properties which have a significant impact on the flow of radiation through
the atmosphere. Clouds are the largest contributor to the planetary albedo [Ramanathan
et al., 1989; Harrison et al., 1990]. Twomey [1974] showed that cloud albedo may be altered
through the addition of cloud condensation nuclei (CCN), under the assumption that liquid
water content does not change. The increase in CCN could result in a cloud with a greater
concentration of smaller droplets, making it optically thicker and more reflective, a process
commonly referred to as the first indirect aerosol effect or the Twomey effect. In addition
to the Towmey effect, increased CCN can result in more persistent clouds as a result of
decreased drizzle [Albrecht, 1989].
In order to quantify the global climate impact of aerosol-cloud interactions, top-of-
7atmosphere observations are essential. Surface observations, however, provide a constraint
at the surface that can help determine how the energy is distributed between the atmosphere
and the surface. Studies that aim to quantify the radiation budget at the surface use top-of-
atmosphere observations in combination with radiative models [Curry et al., 1999; L’Ecuyer
and Stephens, 2003] and in addition to deriving the surface energy budget more directly,
the surface observations are needed to validate TOA radiation-modeling studies. Surface
observations cannot cover the globe, but can sample at a variety of locations and be used to
validate TOA-modeling studies of the surface energy budget.
The International Panel on Climate Change has listed the aerosol impact on clouds as
the largest uncertainty in the forecasting of future climate change [Forster et al., 2007]. In
an effort to reduce this uncertainty, aerosol-cloud interactions (ACI) have been quantified
in nature by observing changes in cloud properties or cloud reflectance for a given change
in aerosol burden [Feingold et al., 2001; McComiskey et al., 2009]. One challenge in this
approach is isolating the change in cloud properties due to the change in aerosol concentra-
tion alone. While this can easily be done in model simulations, it is impossible to enforce
observationally. McComiskey et al. [2009] quantified the ACI and showed a dependency of
the ACI on six parameters: updraft velocity, aerosol size distribution, and the method of
cloud droplet concentration retrieval, to name a few. Observing each of these parameters
requires a different measurement, adding to the complexity and uncertainty of this type of
work.
One way of quantifying the impact of aerosol on cloud is through the concept of cloud
susceptibility, first introduced by Twomey [1991] and applied to satellite data by Platnick
and Twomey [1994]. Cloud susceptibility is the change in cloud albedo per change in cloud
droplet number (N) concentration under the assumption of constant liquid water content
and liquid water path. Quantifying this potential change in the radiation field provides
an initial step in studying the ACI. Observational studies of cloud susceptibility have been
performed with cloud reflectance observations made from the Advanced Very High Resolution
8Radiometer (AVHRR) [Platnick and Twomey, 1994], an aircraft based radiometer [Taylor
et al., 2000], and the Moderate Resolution Imaging Spectroradiometer (MODIS) [Oreopoulos
and Platnick, 2008]. Platnick and Oreopoulos [2008] outlined a method to quantify the
cloud susceptibility for both cloud reflectance and transmittance. The model calculations
they presented were done in the conservative scattering limit and they point out that the
transmittance susceptibility results were equal and opposite of the reflectance susceptibility.
In Chapter 3 we investigate cloud transmittance susceptibility using observations taken
aboard a ship off the coast of California during the Research at the Nexus of Air Quality
and Climate Change Campaign (CalNex). A cloud retrieval algorithm developed (Chap-
ter 2) for use with hyperspectral cloud transmittance was applied to the observed spectra
from the ship-based Solar Spectral Flux Radiometer (SSFR) [Pilewskie et al., 2003]. The
transmittance observations of the SSFR and the cloud optical thickness and effective parti-
cle radius retrieved from these observations were used to calculate the cloud transmittance
susceptibility.
Chapter 2
A spectral method for retrieving cloud optical thickness and effective radius
from surface-based transmittance measurements
2.1 Instrumentation, experiments, and model
The new retrieval method used solar spectral radiance data collected with the Solar
Spectral Flux Radiometer [SSFR, Section 2.1.3; Pilewskie et al., 2003] onboard the Woods
Hole Oceanographic Institution research vessel Knorr, and data from the ARM Shortwave
Spectrometer (SWS, Section 2.1.4) at the DOE ARM Southern Great Plains site [SGP, Sec-
tion 2.1.2; Stokes and Schwartz, 1994]. The SSFR was originally designed for airborne zenith
and nadir solar spectral hemispherical irradiance measurements. For ground-based and ship-
borne observations, one of the irradiance light collectors was replaced with a zenith-viewing
radiance fore-optic. The surface-based version of SSFR measured downward radiance and
irradiance simultaneously. This is the configuration that was used onboard the Knorr dur-
ing the International Chemistry Experiment in the Arctic Lower Troposphere (ICEALOT,
Section 2.1.1). SWS, in contrast, measured downward radiance only. To validate SSFR and
SWS retrievals, simultaneous retrievals of column integrated liquid water from a microwave
radiometer (MWR, Section 2.1.5) and cloud optical thickness and effective particle radius
retrieved from the Moderate Resolution Imaging Spectroradiometer (MODIS, Section 2.1.6)
on the Aqua and Terra satellites were used.
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2.1.1 International Chemistry Experiment in the Arctic Lower Troposphere
(ICEALOT)
ICEALOT was conducted by the National Oceanic and Atmospheric Administration
within the International Polar Year 2008. The cruise began at the Woods Hole Oceanographic
Institution in Woods Hole, MA, and headed south into Long Island Sound. From there it
went north, into the ice-free regions of the Northern Atlantic and Arctic Oceans during March
and April, 2008. The focus of ICEALOT was on the transport of springtime pollutants into
the Arctic, including the impact of aerosol particles on cloud microphysical properties. The
ship payload consisted mainly of gas-phase chemistry and in-situ aerosol instrumentation,
but also included cloud remote sensing instruments, a microwave radiometer, a millimeter
cloud radar, and a Vaisala ceilometer. The radiance data of the SSFR was used for cloud
remote sensing while the irradiance data constrained the radiative energy balance under
cloud and aerosol-laden conditions.
2.1.2 Southern Great Plains site of the ARM climate research facility
One of the missions of the ARM program is the development and maintenance of highly
instrumented field stations to constrain the radiative forcing of clouds and aerosols by mea-
surements at the surface. One such facility is the SGP site, located in Lamont, OK. The SWS
(Section 2.1.4) was added to the instrument suite in 2006 to enhance cloud remote sensing
capabilities. Diffuse and direct irradiance at selected wavelengths are routinely measured
by the Multi-filter Rotating Shadowband Radiometer [MFRSR; Harrison et al., 1994]. The
other SGP instruments relevant to this study include a CIMEL AERONET sun photometer,
a Vaisala ceilometer, a YES, Inc Total Sky Imager and a microwave radiometer.
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2.1.3 Solar Spectral Flux Radiometer (SSFR)
The SSFR is a spectrometer system with moderate spectral resolution (8–12 nm) and
sampling frequency (1 Hz). It covers a wavelength range from 350 nm to 1700 nm. The ra-
diation is collected by a collimator for the radiance measurements and by a light collector
with hemispherical field of view and cosine weighting characteristics for irradiance. The light
collectors are connected to the spectrometer systems by optical fibers. During ICEALOT,
the light collectors were mounted on a zenith-viewing leveling platform on one of the towers
of the ship, with the spectrometer unit located in a temperature-controlled environment.
Each system consists of two monolithic miniature Zeiss spectrometers to cover the full wave-
length range: a flat-field grating with a linear silicon diode array detector for the spectral
range from 350 nm to 1000 nm, and an Indium-Gallium-Arsenide (InGaAs) linear diode ar-
ray for the range from 900 nm to 1700 nm (ship version,“PGS1.7”). The silicon module is
temperature-stabilized at 27.0 ◦C± 0.3 ◦C to keep dark currents stable. Its spectral resolu-
tion as prescribed by the full-width-half-maximum (FWHM) is 8 nm, with 3 nm sampling
resolution. Each observation point has a quasi-Gaussian spectral bandpass or slit function.
The InGaAs diode array is thermoelectrically cooled to +10.0 ◦C± 0.1 ◦C (PGS1.7). The
temperature of the pre-amplifier and control electronics is stabilized to reduce dark current
drift. The FWHM was 12 nm, with 5.5 nm sampling (PGS1.7).
The irradiance light collectors are designed to provide a cosine-weighting of the in-
coming hemispherical radiance. This was realized by a circular aperture in a miniature
integrating sphere, covered by a quartz dome for environmental protection. Deviations from
ideal cosine response were measured in the laboratory and were corrected in post-processing.
While the irradiance light collector has a 2pi steradian field of view (FOV), the collimator
limits the FOV to 3◦ for radiance measurements. The angular response of the collimator was
also measured in the laboratory before and after each deployment. The rejection of radiation
coming from outside the FOV was determined to be better than 10−3.
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Dark current measurements were made every 5–30 min by activating a light shutter in
front of the spectrometers for 10–60 s. The rate of the dark current measurements must be
higher than the characteristic frequency of the temperature variation within the instrument.
For example, if the temperature stabilization cycles with T = 30 min, the dark current
acquisition frequency needs to be set to at least 4 per 30 min. This is important in the long-
wavelength end of the spectral range because they are the most affected by temperature-
induced changes in the dark currents, due to the strong wavelength dependence in thermal
emission. The dark spectra were subtracted from the measured spectra. Between individual
dark current measurements, the dark spectra were linearly interpolated.
The radiance calibration was performed at the NASA Ames Research Center with a
NIST-traceable 30 inch diameter integrating sphere, the same sphere used to calibrate the
MODIS airborne simulator [King et al., 1996]. The sphere contains 12 NIST traceable quartz-
halogen lamps, three of which were illuminated for the SSFR radiance calibration. The
radiance output from the sphere is known to within 1–2 %. These calibrations were performed
before and after deployment. For normal SSFR airborne operations, field calibrations were
conducted regularly to track the stability of the instrument. However, no field-portable
sphere was available the ship-board deployment.
Irradiance calibrations were performed before and after each experiment in the labora-
tory with a NIST-traceable blackbody (tungsten-halogen 1000 W FEL lamp). The nominal
accuracy is 2–3 %, due primarily to the uncertainty of the calibration light source. Typically,
a calibration stability of 1 % or 2 % is achieved over the course of a multi-week field mission.
Noise-induced errors are only relevant near the limits of sensitivity of the individual spec-
trometers, below 370 nm and above 950 nm for the Silicon spectrometers and below 950 and
above 1650 nm for the InGaAs spectrometers. The precision of the SSFR is 0.1 %.
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2.1.4 Shortwave Spectroradiometer (SWS)
The SWS derives its heritage from the SSFR and was equipped with the InGaAs
PGS2.2 spectrometer, extending its spectral range to 2200 nm. The SWS had only one
zenith pointing light collector with a field of view of 1.4◦, about half that of the radiance
light collector on the SSFR. The light rejection of the collimator, which limits the field-of-
view, was determined to be less than 10−3. For measurements under cloud-free or broken
cloud conditions, there may be stray light contamination in the near-infrared where molecular
scattering is weak, but for the present study under uniform cloud cover (see the discussion
on filtering in Section 2.2.4) this level of rejection was adequate. A new SSFR radiance fore-
optic with an improved rejection of 10−5 was deployed before another NOAA ship cruise
(described in Chapter 3), in May, 2010. However, to this day, SWS still operates with the
old fore-optics with a stray light rejection 10−3. SWS is calibrated once a year with the NASA
Ames 30 inch sphere mentioned above. In addition, SWS is regularly calibrated against a
portable 12 inch sphere (Labsphere, Inc.). Measuring the response to the two spheres at the
same time and under the same conditions allows the calibration to be transferred from the
NIST traceable sphere to the 12 inch sphere. The weekly calibration is conducted by the
staff at the SGP, to track changes in the performance of the instrument. The uncertainty
of the radiance measurements of the SWS spectrometers is the same as that of the SSFR,
1 %–3 %. The InGaAs diode array (PGS2.2) of the SWS is thermoelectrically cooled to
−10.0 ◦C± 0.1 ◦C and the silicon module is temperature-stabilized at 27.0 ◦C± 0.3 ◦C. It is
kept in a climate controlled trailer at the SGP. The InGaAs spectrometers have a small drift
associated with thermal emission in their response at the longest wavelengths (∼2µm). To
correct for this drift, dark current readings are taken every 5 min for 15 s. The dark currents
were acquired when a shutter, controlled by the system software of the SWS, closed for a
defined duration, called a dark cycle. The dark current acquisition frequency and duration
are stored in a control file and can be easily changed by a remote user. A linear interpolation
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scheme is used between individual dark cycles to account for the temperature changes.
2.1.5 Microwave radiometer
The ARM microwave radiometer measures microwave emissions from the atmosphere at
two frequencies to retrieve column integrated liquid water and water vapor. The observations
are made at 23.8 GHz and 31.4 GHz, the former being more sensitive to water vapor and the
latter more sensitive to liquid water. The instrument measures the emission for 1 s, every
16 s, with a field of view of 5.9◦ for the 23.8 GHz channel and 4.5◦ for the 31.4 GHz channel.
The uncertainty of the liquid water path observations is approximately ±20 g m−2 [Turner
et al., 2007]. The ARM retrieval algorithm was described in Westwater [1993] and Liljegren
and Lesht [1996]. The NOAA microwave radiometer used during ICEALOT was very similar
to the ARM instrument at the SGP. It measures at the same frequencies but the fields-of-
view were slightly different, 5.7◦ and 4.4◦ for the 23.8 and 31.4 GHz channels respectively.
The underlying premise of the NOAA two-frequency retrieval was the same; details can be
found in Westwater et al. [2001].
2.1.6 Moderate Resolution Imaging Spectroradiometer (MODIS)
MODIS on Aqua and Terra measures radiation in the visible, near infrared, and thermal
infrared to derive cloud properties at 1 km resolution. The 1 km cloud properties can be found
in the MOD06 and MYD06 MODIS products. The cloud retrieval algorithm was presented
in Nakajima and King [1990] and Platnick et al. [2003]. The algorithm uses cloud reflectance
at two wavelengths, one in a non-absorbing region for water, and the other in an absorbing
region. For retrievals over land, the wavelengths are 650 nm and 2100 nm [Platnick et al.,
2003].
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2.1.7 Radiative transfer calculations
The standard method for retrieving cloud parameters [see for example, Nakajima and
King, 1990; Twomey and Cocks, 1989] requires calculating radiances or irradiances over
ranges of cloud optical thickness, effective radii, solar zenith angles, viewing angles, and for
at least two wavelengths. Cloud properties are inferred by finding the best match between
pre-calculated and observed values. To avoid the effects of molecular absorption, the retrieval
wavelengths are chosen outside of the regions of strong molecular absorption.
The plane-parallel radiative transfer model used in this study was adapted from the
work of Coddington et al. [2008a] and Bergstrom et al. [2003]. Downward radiance at the
surface was calculated for optical thickness ranging from 0.1 to 0.9 at an interval of 0.1 and
from 1 to 100 at an interval of 1. The effective radius was varied from 1µm to 30µm at
an interval of 1µm. The radiance data were interpolated to a resolution of 0.1 in optical
thickness and 0.1µm in effective radius. The cosine of the solar zenith angle (µ0) was varied
from 0.05 to 1.0 in steps of 0.05. The calculations were performed across the full wavelength
range of SSFR and SWS. Inputs to the model included the spectral surface albedo, cloud
optical thickness, cloud droplet effective radius, cloud base and top height, temperature,
pressure, and gas molecular number concentrations. The SGP and ICEALOT retrievals were
performed using a standard mid-latitude summer atmosphere for the gaseous concentrations
and radiosonde data from each site for the temperature and pressure profiles.
The optical properties of the cloud droplets were calculated with a Mie code [Evans,
1998] and, hence, the results presented here are valid only for spherical water droplets. The
calculations produced (1) single scattering albedo ($0), the probability that a photon will
be scattered in a single interaction with a particle, (2) the first 16 moments of the scatter-
ing phase function, the first of which is the asymmetry parameter (g), and (3) extinction.
The Mie calculations were performed assuming a gamma drop size distribution [Chylek and
Ramaswamy, 1982] with an effective variance of 0.1. Nakajima and King [1990] showed that
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the asymmetry parameter depends only weakly on the effective variance.
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Figure 2.1: Surface albedo plots used in the radiative transfer model, the ICARTT ocean
albedo used for ICEALOT retrievals (blue), the MODIS/USGS derived vegetated surface
albedo (red), the MODIS derived vegetated surface albedo (black dashed line). Gray lines
mark the wavelengths used in the slope-transmittance retrieval algorithm.
The transmitted radiance is dependent on the albedo of the surface surrounding the in-
strument. The surface at the SGP site consists of a few varieties of vegetation that vary with
the growing season. The data was acquired during the spring and summer when the surface
was predominately green vegetation. Concurrent surface albedo measurements that match
the spectral range and resolution of the SWS were not available for the SGP cases. MODIS
(Section 2.1.6) provides 500 m spatial resolution surface albedo across the range of the SWS,
but at only a few discrete channels (MODIS products MCD/MOD43A4). For the spectral
region between 1565 nm and 1634 nm, a green grass albedo from the US Geological Survey
[USGS; Clark et al., 2007] was used. The interpolated MODIS/USGS-derived surface albedo
is shown in Figure 2.1 (red spectrum). The ICEALOT data was collected over ocean, which
has an albedo near 0.03–0.04 over the spectral range of the SSFR/SWS. The spectral ocean
albedo (Figure 2.1, blue spectrum) was retrieved during the International Consortium for
Atmospheric Research on Transport and Transformation experiment [ICARTT; Coddington
et al., 2008a].
17
2.2 Retrieval techniques
In this section, the application of the dual-wavelength retrieval (hereafter referred
to as “standard retrieval”) to reflectance and transmittance observations will be discussed
(Section 2.2.1). Transmittance T and reflectance R are defined as
T = piItrans/µ0F0 (2.1)
R = piIrefl/µ0F0
where Itrans and Irefl are the transmitted zenith radiance and reflected nadir radiance, µ0 is
the cosine of the solar zenith angle, and µ0F0 is the normal incident irradiance at the top of
the atmosphere.
To better understand the differences between cloud reflectance (for which the dual-
channel method was originally intended) and transmittance, some typical clouds will be
examined in Section 2.2.2, and the retrieval uncertainties will be used to illustrate the short-
comings of the standard method when applied to cloud transmittance. The spectral proper-
ties of liquid water droplets in the near infrared wavelength range (Section 2.2.3) motivate
the use of a spectral slope, rather than a single channel, in the near infrared. The new
retrieval (“spectral retrieval” hereafter, Section 2.2.4) differs from the standard retrieval in
that the transmittance in the near infrared is replaced by the spectral slope of transmittance,
normalized to the transmittance itself. At this point, the spectral retrieval has only been
applied to transmittance, not to reflectance.
2.2.1 Transmitted and reflected radiance as functions of effective radius and
optical thickness
Figure 2.2 shows the modeled cloud reflectance and transmittance for two effective
radii (5µm and 25µm) and two wavelengths (515 nm and 1628 nm) as functions of optical
thickness. These calculations illustrate how the dependencies on optical thickness and effec-
tive radius differ between transmitted and reflected radiance in these two spectral regions.
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Figure 2.2: Modeled transmitted (blue) and reflected (green) radiance at (a) 515 nm and
(b) 1628 nm for effective radii values of 5µm (solid lines) and 25µm (dashed lines). These
were computed for a µ0 of 0.75 and an ocean surface albedo.
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Figure 2.2 shows the one-to-one relationship between cloud optical thickness and reflected
radiance at 515 nm. The calculations show that a cloud with droplet effective radius of 5µm
(solid line) has nearly the same reflectance as a cloud with droplet effective radius 25µm
(dashed line), over the optical thickness range 0.1 to 100. At 1628 nm, size-dependent droplet
absorption allows a distinction of the effective radius in reflectance (solid and dashed line are
well separated). For transmittance, the distinction is not as clear since the solid and dashed
lines are less well separated; in addition, the transmitted radiance approaches zero for large
optical thickness, irrespective of size (albeit at different size-dependent rates).
Figure 2.2 also shows the aforementioned non-monotonic behavior of the transmitted
radiance with respect to optical thickness, which leads to an ambiguous retrieval. For ex-
ample, a radiance of 0.15 W m−2 nm−1 sr−1 at 515 nm, corresponds to an optical thickness of
either 2 or 25. A more subtle reason for the reduced sensitivity of transmitted radiance to
effective radius is the near-cancellation of opposing effects: A larger effective radius increases
the forward scattering and thus the transmittance; at the same time, a larger droplet also
absorbs more [Rawlins and Foot, 1990], which leads to a decrease in transmittance. On the
other hand, enhanced forward scattering and absorption both lead to a decreased reflected
radiance.
Figure 2.3 represents the standard retrieval in the form of lookup tables for the re-
flectance (3a) and transmittance (3b). They show the reflectance and transmittance at
1628 nm plotted versus that at 515 nm, for a range of effective radii and optical thickness.
The reflectance at 515 nm and 1628 nm monotonically increase with optical thickness. The
radiance at 515 nm approaches an asymptotic value of about 1 for large optical thickness
while the radiance at 1628 nm approaches values less than 1 that are determined by the ef-
fective radius. This enables the simple discrimination of droplet size from cloud reflectance.
The transmittance (Figure 2.3b) is more complicated. Lines of constant effective radius are
nearly indistinguishable for clouds with optical thickness below 10 and droplet radii larger
than 3µm. They separate more clearly for optical thickness values between 20 and 40. The
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lines of constant optical thickness are much more clearly delineated than the effective radius
lines. The density of lines in this plot implies that there is sensitivity to the optical thickness,
less sensitivity to effective radius for optical thickness below 10, and moderate sensitivity
to effective radius for optical thickness between 20 and 40. In the following section, this
sensitivity will be analyzed quantitatively.
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Figure 2.3: Lookup table for the standard retrieval method using (a) cloud reflectance
and (b) cloud transmittance. Constant effective radius lines are solid and constant optical
thickness lines are dashed. These were computed for a µ0 of 0.75 and an ocean surface
albedo.
2.2.2 Quantifying sensitivity to optical thickness and effective radius in the
standard method
To quantify the sensitivity of reflectance and transmittance with respect to cloud op-
tical thickness and effective radius, cloud reflectance and transmittance for a plane parallel
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cloud with optical thickness values of 10, 20, and 40 and with a droplet effective radius of
10µm were simulated with the radiative transfer model. Optical thickness and effective ra-
dius, as well as the associated uncertainties, were retrieved with the standard method applied
to reflectance and transmittance. The standard method was implemented with Equation 2.2,
but for these theoretical retrievals, the modeled transmittance and reflectance are used in
place of the observations.
The standard retrieval was performed with a least squares fit between observed (obs)
and modeled (mod) reflectance and transmittance:
χ =
√√√√1
2
((
Tobs,515 − T mod ,515
T mod ,515
)2
+
(
Tobs,1628 − T mod ,1628
T mod ,1628
)2)
(2.2)
The uncertainty in this equation can be propagated to χ through:
δχ =
1∑
n=0
(
∂χ
∂Tn
δTn
)2
(2.3)
from Taylor [1996], where δχ is the uncertainty in χ and δT is the 3 % radiometric uncer-
tainty, assuming that the uncertainties can be represented as Gaussians and are uncorrelated.
The optical thickness range (τχ+δχ, τχ−δχ) and effective radius range (rχ+δχ, rχ−δχ)
associated with the measurement uncertainty was obtained by minimizing χ–δχ and χ+ δχ
in Equation (2.2) instead of χ. The uncertainty was defined as half the difference of the
range:
δreff =
|r(χ+δχ)−r(χ−δχ)|
2
and (2.4)
δτ =
|τ(χ+δχ)−τ(χ−δχ)|
2
Since χmust be 0 or greater by definition, cases with negative values of χ−δχ were considered
indistinguishable solutions and all these optical thickness and effective radius pairs were
included in the retrieved range. For these cases, rχ+δχ and rχ−δχ were replaced with the
maximum and minimum effective radius in this range. The same was done for optical
thickness.
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Reflectance retrievals Transmittance retrievals
τ reff Relative
τ uncer-
tainty
Relative
reff uncer-
tainty
Relative
τ uncer-
tainty
Relative
reff uncer-
tainty
(µm) (%) (%) (%) (%)
10 10 5.7 22.0 14.9 71.2
20 10 8.0 15.0 6.8 51.8
40 10 12.2 11.0 2.3 14.3
Table 2.1: Relative optical thickness (τ) and effective radius (reff) uncertainties calculated
from simulated retrievals for cloud reflectance and transmittance. The uncertainties were
calculated by propagating the 3 % radiometric uncertainty through the retrieval algorithm.
The resulting uncertainties are presented in Table 2.2.2. For the standard retrieval
applied to reflectance, the relative uncertainty of the effective radius was 22 % and improved
to 15.0 % and 11.0 % for optical thickness of 20 and 40. For the standard retrieval applied
to transmittance, the relative uncertainty of the effective radius was as high as 71.2 % for an
optical thickness 10 and improved to 30.5 % and 12.7 % at an optical thickness of 20 and 40,
respectively. This confirms what was shown qualitatively in Figure 2.3b. In transmittance,
the greatest separation between lines of effective radius occurs at values of optical thickness
between 30 and 40, where the uncertainty in effective radius is at its minimum. The effective
radius uncertainty reaches its maximum at an optical thickness of 10 where the effective
radius lines in Figure 2.3b are poorly delineated.
Reflectance and transmittance are both sensitive to optical thickness. The sensitiv-
ity of the standard retrieval decreases with optical thickness as reflectance approaches its
asymptotic limit, illustrated by the increase in the relative uncertainty of optical thickness
from 5.7 % to 12.2 % for an optical thickness of 10 and 40, respectively. For the standard
retrieval applied to transmittance the lines of constant optical thickness in Figure 2.3b are
closest together at an optical thickness of 5, separate more up to an optical thickness 40
and then become less distinguishable as the transmittance approaches its asymptotic value
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of zero. This is reflected in the modeled optical thickness uncertainty which is highest at an
optical thickness of 10 and decreases for optical thickness of 20 and 40.
2.2.3 Spectral transmittance dependencies on optical thickness and effective
radius
In the previous section, we established that when applying the standard method to
transmittance, the uncertainty in effective radius reaches 71 % – far more than for reflectance
(12 %). By introducing an upper uncertainty threshold for the retrieved effective radius, one
can define the retrieved value as “acceptable” or “meaningful” if its uncertainty is below that
threshold. For example, Table 2.2.2 shows that a 50 % tolerable relative uncertainty entails
that the effective radius retrievals for an optical thickness of 10 and 20 are both meaningless,
since their uncertainties (71.2 % and 51.8 %) are above the defined threshold.
500 1000 1500 2000
10-5
10-4
10-3
10-2
10-1
100
1−
0
Coalbedo and asymmetry parameter
reff=5µm
reff=10µm
reff=20µm
500 1000 1500 2000
Wavelength (nm)
0.80
0.82
0.84
0.86
0.88
g
Figure 2.4: Coalbedo and asymmetry parameter for liquid water drops from Mie calculations
for three different cloud particle effective radii.
To overcome this difficulty, the spectral shape of basic optical properties is of crucial
24
importance. Figure 2.4 shows the coalbedo (1-$0, indicative of absorption) and asymmetry
parameter (g) across the spectral range of the measurements and at three effective radii. The
coalbedo increases with increasing effective radius, as the droplet absorption increases. The
asymmetry parameter also increases with increasing effective radius since forward scattering
increases with size. The coalbedo varies over several orders of magnitude across this spectral
range with the least absorption in the visible, while the asymmetry parameter varies by
approximately 12 %.
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Figure 2.5: Modeled transmittance through a liquid water cloud showing the dependencies
on cloud optical thickness and cloud particle effective radius. The shaded regions are that
of constant cloud optical thickness for a cloud particle effective radii range spanning from
5–25µm. These were computed for a µ0 of 0.75 and an ocean surface albedo.
The spectral shapes of the coalbedo and asymmetry parameter have a direct impact
on the transmittance. Figure 2.5 shows modeled transmittance for four values of optical
thickness and two values of effective radius. At wavelengths shorter than about 1100 nm,
the different effective radii manifest themselves through scattering. Larger droplet size is
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associated with stronger forward scattering (larger asymmetry parameters), and thus larger
transmittance. However, because droplet absorption increases with wavelength, the opposite
effect dominates at wavelengths greater than about 1400 nm, and larger droplet size leads
to decreased transmittance. The wavelength at which the impact of absorption exceeds
scattering can be identified by the crossover between the two spectra calculated with two
different effective radii at a certain optical thickness. This occurs between 1100 nm and
1400 nm, the exact location is determined by the magnitude of cloud absorption.
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Figure 2.6: Normalized transmittance for optical thickness of 35 and for two effective radii,
5µm (solid line) and 25µm (dashed line).
Figure 2.6 shows the modeled transmittance normalized by the transmittance at 1565 nm
for an optical thickness of 35 and effective radii of 5µm and 25µm. The cloud droplet ab-
sorption is strongest at 1565 nm; thus the transmittance increases with wavelength over the
range from 1565 nm to 1634 nm. The spectral slope carries information about both droplet
size and optical thickness; the normalization to the transmittance value at one wavelength
has the advantage that the effect of spectrally correlated errors (such as, to some extent,
radiometric uncertainty) is removed, whereas the effect of uncorrelated errors (such as dark
current fluctuations), contributes to the uncertainty of the derived slope.
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2.2.4 New spectral retrieval algorithm
To reduce the error in the linear regression, the spectral range over which transmittance
was regressed was selected based on (a) linear behavior of transmittance over a wide range of
optical thickness and effective radius and (b) location outside of the bands of strong molecular
absorption. Using these criteria, the spectral region between 1565 nm and 1634 nm was
selected as an optimal region. At the spectral sampling resolution of the SWS, this provided
13 wavelengths as a basis for the calculation of the slope, which was determined from a
least-squares linear regression.
Figure 2.7 shows the transmittance at 515 nm (T515) plotted against the spectral slope
(S1565) around 1565 nm for the same range of optical thickness and effective radii as in
Figure 2.3 (note that the slope axis is shown logarithmically). For effective radii less than
25µm, the effective radius lines are better separated than in the standard method, implying
a larger sensitivity to this parameter.
Similar to the standard method, the spectral retrievals are obtained from a least squares
fit of modeled and observed values; in this case transmittance at 515 nm and the spectral
slope at 1565 nm:
χ =
√(
Tobs,515 − T mod ,515
T mod ,515
)2
+
(
Sobs,1565 − S mod ,1565
S mod ,1565
)2
(2.5)
As shown previously, the retrieval uncertainties were estimated using the range of optical
thickness and effective radius found by minimizing χ± δχ. The radiometric uncertainty was
assumed as spectrally correlated for S1565, and, therefore, replaced by the spectrally uncor-
related error, [0.1 %, Pilewskie et al., 2003, dominated by dark current]. δχ is determined
by
δχ =
√√√√√( ∂χ
∂T515
δT515
)2
+
N−1∑
x=1
 ∂χ
∂
(
Tx
T1565
)δ( Tx
T1565
)2 (2.6)
where δχ is the uncertainty in χ (Equation 2.5), δT is the transmittance uncertainty resulting
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Figure 2.7: Lookup table using the transmittance calculated with modeled surface radiance
and the slope of the line fit through the normalized transmittance in the range 1565 nm to
1634 nm. These were computed for a µ0 of 0.75 and an ocean surface albedo.
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from the 3 % radiometric uncertainty, δ(Tx/T1565) is the 0.1 % uncertainty in the normalized
transmittance and N is number of wavelengths.
From the retrieved optical thickness and effective radius, the liquid water path (LWP)
is derived. The LWP can be approximated by
LWP =
2
3
τreff , (2.7)
if the effective radius is much larger than the wavelength and if effective radius and liquid
water content do not vary within the sampling volume. An alternative formulation of the
LWP was derived by Wood and Hartmann [2006] for clouds where effective radius increases
linearly with altitude above cloud base (referred to hereafter as a WH06 cloud):
LWPWH06 =
5
9
τreff (2.8)
We used both formulae to compare SSFR and SWS LWP retrievals to those by microwave
radiometers.
2.3 Retrieval results
2.3.1 Case selection
The plane-parallel radiative transfer model and Mie theory applied in this study re-
stricts our analysis to homogeneous liquid water clouds. Two filters were applied to exclude
ice clouds and inhomogeneous scenes: (1) a phase detection flag ice or mixed-phase clouds
and (2) an irradiance-based criterion for heterogeneous scene detection. Differences between
liquid water and ice spectral absorption provide a simple discriminator of the thermody-
namic phase in clouds. Pilewskie and Twomey [1987] and Ehrlich et al. [2008] used the
spectral slope to retrieve cloud phase information from reflectance observations. A similar
approach was used in this study to remove cases dominated by ice. Figure 2.8 shows the
bulk absorption coefficient (kb) for liquid water and ice, over the spectral region between
1667–1695 nm. The coalbedo (1-$0) is linearly proportional to kb and the effective radius in
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the geometric optics, weak absorption limit [Twomey and Bohren, 1980]. Model calculations
at a µ0 = 0.75 show that the spectral slope of the transmitted radiance is negative for values
of optical thickness from 1 to 100 and for effective radii ranging from 1µm to 30µm. The
negative slope in kb for ice results in a positive slope in the transmitted radiance across this
wavelength region. Transmittance observations with a positive slope were therefore flagged
as ice or mixed-phase and excluded from further analysis.
To avoid highly inhomogeneous scenes, we examined the temporal behavior of the mea-
sured transmitted irradiance. Because irradiance encompasses the entire hemisphere above
the instrument, it depends on the scene well outside the tightly restricted angular region
of the radiance measurement. The transmitted irradiance time series from a homogeneous
cloud is relatively constant, in contrast to that from a broken cloud field which exhibits
sudden changes [Dutton et al., 2004]. Irradiance time series were examined to identify such
cases. The irradiance was provided by SSFR during ICEALOT and by the MFRSR at the
SGP site. Figure 2.9 shows the irradiance time series for the cases used in this study. Fig-
ure 2.9a shows the MFRSR irradiance at the SGP site on 10 April 2007 over the time period
from 17.0 to 19.0 UTC. The cloud on this day was a stratus cloud. Figure 2.9b shows the
same time period on 12 April 2007; due to cloud inhomogeneities, the time period from
17.5 to 17.8 UTC and 18.4 to 19.0 UTC were excluded from the analysis. The clouds on
the 12th were stratocumulus. The data from the SGP were from different days that were
close enough in time for the surface albedo conditions and solar zenith angles to be similar.
Figure 2.9c shows SSFR measurements from ICEALOT for a one-hour period on 20 March
2008. The data from 16–17 UTC was selected for analysis. During this time, the Knorr was
passing through Long Island Sound. The clouds encountered during this time were stratus
or stratocumulus.
The results are presented as comparisons between (1) the standard retrieval applied
to transmittance (dual-wavelength method) and the standard retrieval (dual-wavelength
method) and the spectral retrieval (transmittance-slope method) applied to transmittance,
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Figure 2.8: The bulk absorption coefficient for liquid water and ice calculated from the
refractive indices taken from Warren [1984].
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Figure 2.9: Time series observations of irradiance from the MFRSR (a and b) and the
SSFR (c). The black boxes in part (b) cover time periods excluded from this analysis.
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(2) the retrieval uncertainties of the aforementioned algorithms, (3) retrieved optical thick-
ness and effective radius from the SWS and MODIS and (4) liquid water path retrieved from
the MWR, MODIS, and the SWS. The SWS LWP was calculated using Equations (2.7) and
(2.8). No MODIS overpass was available during the time period chosen from ICEALOT.
The retrieval quality from these cases was assessed in terms of the effective radius
retrieval uncertainty. Retrievals that resulted in an effective radius uncertainty of less than
2µm were considered valid; outside of that range, the retrieval was flagged as invalid. For
an effective radius between 5µm and 20µm, this absolute uncertainty threshold corresponds
to a relative uncertainty between 40 % and 10 %.
2.3.2 Optical thickness and effective radius retrievals
Figures 2.10 and 2.11 show the retrievals for the ICEALOT cases and the SGP cases,
respectively. In a and c, the optical thickness and effective radius as retrieved by the new
spectral method (x-axis) are directly compared with results from the standard method (y-
axis). In (b) and (d), the associated histograms are shown for all data (solid lines) and
data points with an effective radius absolute uncertainty below a threshold of 2µm (dashed
lines). Although the scatter plots of optical thickness show good agreement between the
methods for an optical thickness below 60, the histograms reveal that in fact, standard
retrievals are only valid for τ > 25 in the sense of the effective radius uncertainty threshold,
whereas the new spectral method provides meaningful retrievals even for τ < 25. This
is expected based on the optical thickness sensitivity analysis and the shape of the lookup
table (Figures 2.3b and 2.9). For the effective radius, the standard retrieval is biased towards
larger values, when compared to the spectral method, especially for the ICEALOT case. The
histogram showing all the data peaks around 8µm for the spectral method and around 14µm
for the standard method. However, the histograms using only data with an effective radius
uncertainty below 2µm (dashed lines) both peak around 9µm and have more similar shapes.
For the ICEALOT cases, 84 % of the spectral retrievals meet the threshold requirement and
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24 % for the standard retrieval. This demonstrates the lack of sensitivity of the standard
method to effective radius for τ < 25. For the thicker clouds encountered at the SGP site,
the most notable change in the histograms is for τ < 25. Overall, 90 % of the spectral
retrievals meet the threshold requirement and 78 % for the standard retrieval. This means
that for thicker clouds, the standard method is as sensitive to effective radius as the spectral
method.
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Figure 2.10: Cloud parameter retrieval results comparing the spectral method to the stan-
dard retrieval method applied to SSFR data from ICEALOT. Shown are (a) scatter plot of
the retrieved optical thickness for the two methods showing all retrievals (solid) and valid
retrievals (dashed), (b) a histogram of the retrieved optical thickness for both methods,
(c) scatter plot of the retrieved effective radius for the two methods, and (d) a histogram of
the retrieved effective radii for both methods showing all retrievals (solid) and valid retrievals
(dashed).
Both effective radius histograms show a peak at 30µm which is the largest value in the
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Figure 2.11: Cloud parameter retrieval results comparing the spectral method to the stan-
dard retrieval method applied to SWS data from the SGP. Shown are (a) scatter plot of
the retrieved optical thickness for the two methods showing all retrievals (solid) and valid
retrievals (dashed), (b) a histogram of the retrieved optical thickness for both methods,
(c) scatter plot of the retrieved effective radius for the two methods, and (d) a histogram of
the retrieved effective radii for both methods showing all retrievals (solid) and valid retrievals
(dashed).
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lookup tables. This peak would presumably spread out over larger values of effective radius
if the lookup table were extended. The exact reason for the systematic overestimation of the
effective radius by the standard method is so far unknown. A possible explanation is that
in the forward calculations, constant effective radius and extinction are assumed throughout
the cloud. A more physical vertical profile could lead to different effects in the standard
retrieval and the spectral retrieval. Undetected ice crystals or horizontal inhomogeneities
could be further causes for the discrepancies of the two retrievals. This will be examined in
future research.
2.3.3 Uncertainty comparisons
Equations (2.5) and (2.6) were used to calculate the uncertainty in the retrieved optical
thickness and effective radius for the standard and the spectral methods. They are shown
in Figure 2.12 (optical thickness) and Figure 2.13 (effective radius). The spectral retrieval
does not reduce the optical thickness uncertainty, which is around 3 % in both cases. This
is consistent with the sensitivity analysis presented in Section 2.2.2, which does not predict
large optical thickness accuracy differences between the methods. Figure 2.13 shows the
effective radius absolute uncertainties, along with the 2µm threshold. For the thin clouds
encountered during ICEALOT (Figure 2.13a), the spectral method (84 % valid retrievals)
outperforms the standard retrieval (24 % valid retrievals), whereas the uncertainties stay
below the threshold for the thicker clouds from the SGP cases (Figure 2.13b, 90 % valid
retrievals for the spectral method and 78 % for the standard method). While the different
optical thickness ranges appear to be the primary reason for the different effective radius
uncertainties, other sources, such as cloud phase or spatial heterogeneities, will be explored.
2.3.4 Time series of retrieval results
To explore the difference between the standard and the spectral method in more detail,
Figures 2.14 and 2.15 show time series of a small subset of the ICEALOT and SGP data.
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Figure 2.12: Time series plot of the relative optical thickness uncertainty for the
(a) ICEALOT case on 20 March 2008 and (b) the ARM case on 10 April 2007.
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Figure 2.13: Time series plots of the effective radius uncertainty calculations for the
(a) ICEALOT case on 20 March 2008 and (b) the ARM case on 10 April 2007. The
red dashed line shows the 2µm uncertainty level which for this work was defined as the
threshold of a valid retrieval.
36
Table 2.2: The spectral retrievals presented with coincident MODIS AQUA (top) and
TERRA (bottom) overpasses of the ARM Southern Great Plains facility on 10 April 2007.
18.86 UTC Spectral Standard MODIS AQUA MWR
(2.1µm retrieval)
Optical thickness 52.6± 1.8 52.3± 1.4 45.6± 12.27
Effective radius (µm) 13.6± 1.4 12.8± 1.3 13.3± 0.93
Liquid water path (gm−2) 396.0± 55.9 371.9± 47.7 388± 169.2 319.0± 20
17.21 UTC MODIS TERRA
(2.1µm retrieval)
Optical thickness 47.2± 1.6 45.9± 1.6 31.3± 5.3
Effective radius (µm) 10.5± 0.7 8.6± 1.1 11.37± 0.8
Liquid water path (gm−2) 275± 28.0 219.3± 32.8 227± 64.9 233.0± 20
Figure 2.14 shows six minutes from ICEALOT on 20 March 2008. In addition to optical
thickness (first panel) and effective radius (second panel), the LWP derived from Equa-
tions (2.7) and (2.8) is shown along with MWR retrievals (third and fourth panel). The
shaded areas show the uncertainties. For the whole time period from 16.0 UTC to 17.0 UTC,
the mean retrieved LWP was 100± 20 g m−2 for the MWR and 155 g m−2 and 222 g m−2 for
the spectral and standard methods, respectively, using the constant effective radius assump-
tion (Equation 2.7). From the WH06 assumption (Equation 2.8), mean retrieved LWP of
129 g m−2 and 185 g m−2 for the spectral and standard methods were obtained. The SSFR
retrievals were generally more variable than the MWR retrieved liquid water path. These
differences could be the result of the different sampling volumes between sensors. The field
of view of these instruments is 3◦ for the SSFR and 5.7◦ for the MWR. The integration time
and sampling interval for SSFR is 20 ms and 1 s, respectively, and 1 s and 16 s for MWR.
Figure 2.15 shows a time series of optical thickness, effective radius and LWP from
the SGP site on 10 April 2007, similar to Figure 2.14. The improved agreement between
the standard and spectral retrievals is seen again when comparing Figure 2.14 (ICEALOT,
thinner cloud) and Figure 2.15 (SGP, thicker cloud). The SGP MWR and SWS LWP
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Figure 2.14: Time series plots of SSFR retrievals of optical thickness and effective radius.
LWP retrievals from the NOAA MWR along with calculated LWP from SSFR retrievals.
The shaded regions show the estimated uncertainty.
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Figure 2.15: Time series plots of SWS retrievals of optical thickness and effective radius.
LWP retrievals from the ARM MWR along with calculated LWP from SWS retrievals. The
shaded regions show the estimated uncertainty.
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retrievals were within the uncertainty of both methods throughout this time period assuming
a WH06 cloud (Equation 2.8). The mean retrieved LWP was 272± 20 g m−2 for the MWR,
367 g m−2 (306 g m−2) for the spectral method, and 336 g m−2 (280 g m−2) for the standard
methods, assuming constant effective radius (WH06 cloud).
Table 2.3.4 shows comparisons between cloud retrievals from SWS and two MODIS
overpasses of the SGP site on 10 April 2007. The LWP, derived from the SWS retrievals
(Equation 2.8), is also compared to the LWP retrievals of MODIS and the MWR. The
MODIS Aqua overpass occurred at 18.86 UTC, and the MODIS 1 km pixel was centered
approximately 100 m away from SWS. MODIS retrieved optical thickness within 7 of the
SWS retrieved optical thickness, within the MODIS and SWS uncertainties. The Terra
overpass occurred at 17.21 UTC, and SWS was located towards the edge of the pixel. In this
case, MODIS and SWS optical thickness differed by about 20, exceeding the uncertainty
of the respective retrievals. The MODIS effective radius was within the uncertainty of
the spectral method, but outside the uncertainty of the standard method. For the Terra
overpass, the retrieved optical thickness of the adjacent MODIS pixels ranged from 31 to 38,
which suggests cloud inhomogeneities as a possible explanation for the discrepancies between
MODIS and SWS.
Chapter 3
CalNex cloud properties retrieved from a ship-based spectrometer and
comparisons with satellite and aircraft retrieved cloud properties
3.1 Experiment and Data Collection
3.1.1 CalNex
The CalNex campaign was an air quality and climate change study conducted over in-
land southern California and the California coastal regions of the Pacific Ocean during May
and June of 2010 [http://www.esrl.noaa.gov/csd/calnex/]. The main focus of this multi-
agency (National Oceanic and Atmospheric Administration, the California Air Resources
Board, and the California Energy Commission) experiment was to better understand issues
related to the interactions between air quality and climate change. The experiment used in-
strumentation deployed at several ground sites, on a ship, the WHOI R/V Atlantis, and on
three research aircraft, the NOAA WP-3D, the NOAA Twin Otter, and the National Aero-
nautics and Space Administration (NASA) DC-8. The platforms of interest to this work are
the Geostationary Operational Environmental Satellites (GOES-11) satellite, the Moderate
Resolution Imaging Spectroradiometer (MODIS), the NOAA WP-3D (“P3” herein), and the
WHOI R/V Atlantis (“Atlantis” herein).
3.1.2 MWR
The Atlantis was equipped with a microwave radiometer (MWR) that was used to
retrieve column integrated liquid water and water vapor. The retrieval used the microwave
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Measurements Spectral range (nm) Platform
Ship SSFR radiance (FOV=2.4◦) 350-1700 R/V Atlantis
Ship SSFR irradiance 350-1700 R/V Atlantis
Airborne SSFR zenith irradiance 350-2100 NOAA P3
Airborne SSFR nadir irradiance 350-2100 NOAA P3
Table 3.1: Summary viewing geometry and spectral range of the SSFR configurations de-
ployed during CalNex.
emissions at 23.8 GHz and 31.4 GHz, the former being more sensitive to water vapor and
the latter more sensitive to liquid water. The data was acquired in 1 s windows every 16
s, with a field of view of 5.9◦ for the 23.8 GHz channel and 4.5◦ for the 31.4 GHz channel.
The observations from the two channels were used in a simultaneous retrieval of column
integrated liquid water and water vapor. More details regarding the microwave retrieval can
be found in Westwater et al. [2001] or Zuidema et al. [2005].
3.1.3 MODIS
MODIS is deployed on both the Aqua and Terra satellites. It measures radiance at 36
discrete wavelength bands in the visible through the thermal infrared. One application of
these observations is the retrieval of cloud properties. The cloud properties are provided at
a resolution of 1 km and are included in the MOD06 and MYD06 MODIS products (Terra
and Aqua, respectively). The retrieval algorithm [Nakajima and King, 1990; Platnick et al.,
2003] typically uses one measurement of cloud reflectance in a non-absorbing spectral region
and one in an absorbing region with respect to liquid water. The former is more sensitive to
optical thickness and the latter is more sensitive to effective radius. The center wavelength of
the channels used for the standard retrievals over ocean are at 860 nm and 2130 nm [Platnick
et al., 2003], though retrievals with the 1.6 µm and 3.7 µm channels are also performed.
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3.1.4 GOES-11
GOES-11 is a geosynchronous satellite located over the Western United States and
Eastern Pacific Ocean. The imager onboard GOES-11 consists of five channels. The center
wavelengths and spatial resolutions are shown in Table 3.2. The reflected radiances and
corresponding cloud properties were reported every 15 minutes. The Daytime Cloud Opti-
cal Microphysical Properties (DCOMP) retrieval algorithm [Walther and Heidinger, 2012]
was developed with the goal of providing a uniform cloud retrieval algorithm across several
satellite-borne sensors, of which the GOES series is included. It was applied to the GOES
observations by the NOAA National Environmental Satellite, Data, and Information Service
(NESDIS), and it follows the standard two channel cloud property retrieval algorithm for
cloud reflectance, as described in Section 3.1.3 for MODIS though with a single 3.9 µm water
absorption channel. The reflected radiances were calculated with a forward model for the
GOES-11 channels 1 and 2 and the observed radiances were used to find the best fit optical
thickness and effective radius. The DCOMP algorithm uses optimal estimation to find the
best fit, which provides the ability to incorporate the uncertainties of the observations as
well as inputs to the forward model. The cloud property retrievals were reported every 15
minutes over the 4 km FOV of channel 2.
Channel 1 2 3 4 5
Center Wavelength (µm) 0.65 3.9 6.7 10.7 12
Instantaneous Geographic Field
of View (km)
1 4 8 4 4
Table 3.2: The table shows the five channels of the GOES-11 imager along with the instan-
taneous field-of-view and the midpoint of the spectral range.
3.1.5 In-situ Cloud Probe Measurements
Two cloud probes were deployed on the P3, the cloud droplet probe (CDP) and the
cloud imaging probe (CIP), as described in Lance [2012]. One product derived from the
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cloud probes is the cloud droplet effective radius vertical profile. The effective radius is
obtained by measuring the amount of light scattered as the cloud droplets pass through a
laser beam emitted by the probes. The CDP is able to detect particles with an effective
radius between 2 µm and 50 µm and the CIP observed larger particles between 50 µm and
1550 µm.
3.1.6 Reflectance Retrieval Algorithm
On 16 May 2010, the P3 flew level legs above and below a cloud deck between 200 m and
700 m above sea level, providing the opportunity to retrieve cloud properties from P3 SSFR
measurements of reflectance and transmittance. For reflectance observations made from the
airborne SSFR nadir instrument, the cloud retrieval algorithm followed previous algorithms
for MODIS [Nakajima and King, 1990] and for airborne spectrometers [Coddington et al.,
2010; Kindel et al., 2010] as outlined in Section 3.1.3. Irradiance at 515 nm was used as
the non-absorbing channel and irradiance at 1634 nm was used as the absorbing channel.
The estimation of the uncertainty followed the same method as in Chapter 2, where the 3%
radiometric uncertainty was propagated through the retrieval algorithm, resulting in a range
of retrieved optical thickness and effective radius. The retrieval uncertainty of the optical
thickness and effective radius were estimated by the average of the minimum and maximum
of the retrieved range.
3.1.7 Transmittance Retrieval Algorithm
In previous applications of the retrieval algorithm presented in Chapter 2, cases known
to meet the assumptions of cloud uniformity and liquid water phase were selected. To
apply the algorithm across the entire CalNex dataset, some additional checks on the quality
of the retrievals were necessary to limit the effects of deviations from these assumptions.
To be considered valid, the retrievals had to be within limits applied to: 1) the observed
transmittance at 515 nm and the near infrared slope, 2) the retrieved optical thickness and
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effective radius, and 3) the retrieved effective radius uncertainty. Retrievals that resulted in
best-fit solutions where the difference between the modeled and observed transmittance at
515 nm is larger than the SSFR radiometric uncertainty of 3% were excluded. Observations
with near infrared slopes outside the limits of the lookup table were also excluded. Only
retrievals resulting in optical thickness greater than 5 and with effective radius greater than 4
µm were considered valid. The 4 µm limit was chosen by considering the work of Miles et al.
[2000], who compiled a number of in-situ effective radius observations and found the lowest
effective radius over ocean to be 4.2 µm. The optical thickness limit of 5 was chosen because
of the lack of sensitivity in the transmittance to the effective radius for thin cloud. Using a
limit established in Chapter 2, retrievals with an absolute effective radius uncertainty larger
than 2 µm were also excluded. In addition to these limits on the retrievals two days were
excluded entirely. On 17 May 2010, the DCOMP phase retrieval applied to GOES data (not
shown) indicated the presence of ice throughout the day so this data was excluded due to
the assumption of liquid water particles. Data from 24 May 2010 was excluded due to a
failure in the stabilized platform, so the geometry of the SSFR light collectors could not be
accounted for.
Chapter 2 demonstrated the utility of applying the algorithm to transmitted radiance
observations. For CalNex, the algorithm was also applied to the transmitted irradiance.
The irradiance- and the radiance-based retrievals represent two limiting cases: The radiance-
based retrievals are applied to observations over a narrow field-of-view (as often the case in
remote sensing applications), whereas the irradiance-based retrievals are applied to observa-
tions over the entire hemisphere, and pertain more to the energy-budget radiative properties.
One difference that results is the optical thickness dependence. Irradiance decreases with
increasing optical thickness and is at a maximum at an optical thickness of 0. Radiance
increases with increased optical thickness, due to an increase in scattering, up to an optical
thickness of about 5 and then decreases with increasing optical thickness due to attenuation.
The radiance is at its maximum near an optical thickness of about 5.
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Figure 3.1a and b show the modeled spectral slope at 1600 nm and transmittance at
515 nm calculated using radiance and irradiance, respectively, and the difference between
radiance and irradiance for optical thickness less than 5 can be seen clearly in this figure. In
order to quantify the ability to retrieve the cloud properties, cloud retrievals were simulated
with modeled irradiance data. The retrievals were simulated by applying the algorithm to
modeled spectra for optical thicknesses of 5, 10, 20, 40, and 80 and an effective radius of
10 µm. Table 3.3 lists the results of these simulated cloud retrievals. The two rightmost
columns show the resulting retrieval uncertainties estimated by propagating the radiometric
uncertainty through the retrieval algorithm. The effective radius retrieval uncertainty is less
than the 2 µm uncertainty threshold that was established in Chapter 2. For these cloud
properties, the 8% optical thickness uncertainty, resulting from only the radiometric uncer-
tainty, is the largest for an optical thickness of 5 and decreases for thicker cloud scenes. This
demonstrates that the algorithm can produce reliable results when applied to transmitted
irradiance and it was applied to the transmitted irradiance observations from the ship SSFR
and the airborne SSFR.
Optical thick-
ness
Effective Ra-
dius (µm)
Optical
thickness
uncertainty
(%)
Relative ef-
fective radius
uncertainty
(%)
Absolute ef-
fective radius
uncertainty
(µm)
5 10 8 11.5 1.15
10 10 5 10 1.0
20 10 3.5 9 0.9
40 10 2.6 9.5 0.95
80 10 2.2 10.5 1.05
Table 3.3: A modeled transmittance irradiance spectrum was calculated with the values of
optical thickness and effective radius shown in columns 1 and 2. The modeled spectrum was
input to the retrieval algorithm and the uncertainties of the derived optical thickness and
effective radius (columns 3-5) were computed by propagating the 3% radiometric uncertainty.
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Figure 3.1: Modeled transmittance and spectral slope at 1600 nm computed for (a) radiance
and (b) irradiance. The slope and transmittance are shown for values of constant cloud
effective particle radius (solid) and constant optical thickness (dashed).
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3.2 Retrieval comparisons
To validate the retrieval algorithm beyond the data presented in Chapter 2, the cloud
retrieval results from the ship SSFR radiance and irradiance observations were compared
to cloud property retrievals from satellite, the airborne SSFR and cloud probes, and the
ship-based microwave radiometer. On 16 May 2010 the NOAA P3 flew over the Atlantis
several times at different altitudes during a coordinated flight. Figure 3.2 maps the area off
the coast of Los Angeles, CA where the coordination took place. It includes the true color
MODIS image of the cloud field taken at 19:15 UTC along with the tracks of the P3 and
Atlantis during the coordinated flight which occurred between 18:26 UTC and 20:54 UTC.
Figure 3.2: A map off the coast of Los Angeles where the P3 (red) flew over the Atlantis
(blue) on 16 May 2010. [MODIS true color image from NASA/GSFC, Rapid Response]
3.2.1 Optical thickness comparisons
Figure 3.3a shows a time series of the retrieved optical thickness from the ship SSFR
radiance and irradiance, the airborne SSFR, and GOES for the 16 May 2010 case. The 1
48
Hz observations of the ship SSFR were matched to the closest GOES retrieval in space and
nearest time. The ship SSFR radiance and irradiance retrievals exhibit greater variability
due to the higher spatial and temporal resolution for SSFR than for GOES. For example, just
after 22 UTC, the retrievals made from the ship SSFR radiance and irradiance show that the
optical thickness doubles, while the corresponding GOES retrieved optical thickness remains
more or less constant. The linear footprint of the ship SSFR observations was calculated as
the diameter of the circle at cloud base that encompasses half of the radiant energy reaching
the SSFR light collector. For a cloud base of 200 m, a value typical during CalNex, the linear
footprint of the irradiance and radiance observations were 400 m and 10 m, respectively. The
linear footprint of a GOES pixel was 4000 m. By quantifying the agreement between the
retrieval algorithms as the percentage of observations that agreed to within their respective
uncertainties (i.e. the error bars overlap), the agreement can be shown to increase as the
difference in linear footprint decreases. The ship SSFR radiance, agreed with GOES 22% of
the time. The ship SSFR irradiance agreed with GOES 30% of the time, while SSFR radiance
and irradiance agreed 55% of the time. The mean optical thickness from the three retrieval
algorithms were 30.7, 29.1, and 30.6 for the ship SSFR radiance, ship SSFR irradiance, and
GOES, respectively. Four airborne retrievals over the Atlantis are included in Figure 3.3.
Two of the four occurred during time periods that return a valid retrieval from the ship
SSFR, one above cloud at 18:59 UTC and one below cloud at 21:06 UTC. The 18:59 UTC
case was within the uncertainty of the optical thickness retrievals made with the ship SSFR
radiance and irradiance observations and the 21:06 case was within the uncertainty of all
three. One MODIS overpass is shown near 18:30 UTC. The retrieved optical thickness is
lower than the SSFR retrieved values and the GOES retrieved value.
In the previous analysis the SSFR retrievals were matched to the closest GOES re-
trieval in space and closest in time. Another way to compare these data is to use the GOES
retrievals at the native 15 minute interval and to average the SSFR retrievals that occur
within 7.5 minutes. Figure 3.4 shows the GOES retrieved optical thickness with the aver-
49
Figure 3.3: A time series plot of (a) optical thickness and (b) effective radius retrievals for
16 May 2010 from the ship SSFR radiance (blue), ship SSFR irradiance (green), GOES
NESDIS (red), MODIS (pink square), airborne SSFR reflectance (up-pointing triangle), and
the AIRBORNE SSFR transmittance (down-pointing triangle).
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aged optical thickness retrieved from the ship SSFR radiance and irradiance retrievals. The
GOES retrievals were, on average, within 15.1% and 18.6% of the averaged optical thick-
ness retrievals of the ship irradiance and radiance, respectively. By comparison the GOES
optical thickness retrievals were within 17.9% and 21.5% of the ship irradiance and radi-
ance retrieved values when matched in space and time, showing that averaging the SSFR
observations, in part, helps in compensating for the spatial and temporal differences in the
observations.
Figure 3.4: GOES optical thickness plotted versus the mean ship SSFR optical thickness,
averaged over the 15 minute reporting time of GOES, for the 16 May 2010 case. The line fit
with a linear regression is shown as a red dashed line along with the fit slope and y-intercept
in the legend. The gray line shows the one-to-one line.
3.2.2 Effective radius comparisons
The effective radius retrieved from GOES and from the ship SSFR irradiance is higher
than that of the ship SSFR radiance observations throughout the day. The ship SSFR
irradiance effective radius retrievals were within the uncertainty of the GOES effective radius
retrievals 26% of the day. The ship SSFR radiance effective radius retrievals overlap for short
periods of time with the GOES, 1% of the day, and ship SSFR irradiance retrievals, 6% of the
day. The airborne SSFR nadir and zenith retrievals were at the upper limit of the ship SSFR
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radiance retrievals and the lower limit of GOES and the ship SSFR irradiance retrievals. The
18:59 UTC P3 overpass retrieved effective radius uncertainty does not overlap with any of
the others and it is higher than the ship SSFR radiance effective radius and below the ship
SSFR irradiance and GOES retrievals. The 21:06 UTC case was within the uncertainty of
the other three retrievals. The MODIS retrieved effective radius is within the uncertainty of
the ship SSFR radiance retrieved effective radius, but below that of the ship SSFR irradiance
and GOES retrievals. The next section will explore the GOES and SSFR effective radius
retrievals further with a comparison to in-situ data.
3.2.3 In-situ effective radius comparison
During the Atlantis-P3 coordination, the P3 spent approximately 90 minutes flying
above, below and within cloud, and passed multiple times over the Atlantis. To describe the
in-cloud dataset, the average vertical profile of cloud droplet size distributions and effective
radius were calculated from CDP and CIP measurements, and the result is shown in Figure
3.5b. These in-cloud observations were obtained for two level legs just above cloud base (205-
244 m above mean sea level (ASL)) over a total of 26 minutes, and one level leg just below
cloud top (417-472 m ASL) over 15 minutes. In total, the in-situ measurements represent six
passes through the cloud deck (from above to below cloud, or vice versa) during this flight.
Excluded from the figure are the observations of drizzle drops that were encountered up to 100
µm in size at a droplet concentration (dN/dlogDp) of 10−3 cm−3. Inclusion of these drizzle
drops would increase the in-situ derived effective radius by 11% in the lower 60 m of the cloud
and mid-cloud at 420-510 m elevation. Figure 3.5a shows the normalized histograms of the
effective radius retrieved from GOES and the ship SSFR radiance and irradiance observations
during the P3-Atlantis coordination. The in-situ observations resulted in an average effective
radius of 7.7 µm, averaged over the coordinated time period and over the profile. During
this same time period the average effective radius retrieved from the ship SSFR radiance
observations was 5.7 µm. The average effective radius observed by GOES and the ship
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SSFR irradiance observations were 11.5 µm and 9.5 µm, respectively. Given the difference
in the sampling volumes, the larger effective radius retrieved by the ship SSFR irradiance
retrievals and GOES retrievals could be the result of cloud heterogeneity. Under realistic and
heterogeneous clouds, the larger sampling volumes will capture more heterogeneity. Figure
3.6 shows the horizontal heterogeneity of the optical thickness for the 90 minute period
the Atlantis and P3 were coordinated. The optical thickness was derived from the ship
SSFR radiance observations which has the finest spatial resolution of the remote sensing
instruments used here. Discrepancies between remotely sensed effective radius from cloud
reflectance and in-situ observations have been observed in the past [Twomey and Cocks,
1989; Rawlins and Foot, 1990; Nakajima et al., 1991]. Feingold et al. [2006] showed the
challenges of comparing cloud observations with different sampling volumes and averaging
times. They compared retrievals from surface-, aircraft-, and satellite-based radiometers, and
in situ cloud probes by considering the sampling volumes and observation of each instrument.
The appropriate weighting functions were applied to effective radii retrieved from above,
below, and from within the cloud to calculate a combined, best-estimate of the retrieved
effective radii. The effective radius was shown in Platnick [2000] to be more uniformly
distributed vertically for transmittance observations than for reflectance. A simpler approach
to account for the different sampling volume and observation times was used here, averaging
the finer temporal observations of the SSFR, which only showed a minor improvement in the
comparison of the ship SSFR and GOES retrievals. Averaging over the 15 minute interval
can account for the temporal differences in the observations, but the fact that this did
not completely account of the differences between the GOES and SSFR radiance derived
optical thickness would suggest that the SSFR observations did not sample enough of the
GOES pixel spatially. The differences in the effective radius retrievals are significant from a
cloud forcing perspective and the inability to account for these differences will require more
research.
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Figure 3.5: (a) The normalized histogram of the cloud effective particle radius retrieved
from the ship SSFR radiance (blue), the ship SSFR irradiance (green), and GOES (red) for
16 May 2010 between 18:25:54 UTC and 20:54:14 UTC. The bin width is 1.3 µm, which is
twice the average ship SSFR radiance retrieved effective radius uncertainty. (b) The average
effective radius vertical profile (thick black line), the average number of in-situ observations
per altitude (thin black line), and the droplet number concentration derived from in-situ
observations for the same time period. The average effective radius profile was calculated by
retrieving effective radius from the 1 Hz particle size distribution data and then averaging
the retrieved radiative transfer horizontally as a function of altitude.
Figure 3.6: A histogram of optical thickness retrieved from the ship SSFR radiance ob-
servations on 16 May 2010 between 18:25:54 UTC and 20:54:14 UTC, a period where the
instruments on the P3 and the Atlantis made coordinated observations.
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3.2.4 Liquid water path comparisons
Using the effective radius and optical thickness retrieved from the ship SSFR radiance,
comparisons to the retrieved microwave radiometer liquid water path (LWP) were made. The
MWR and the SSFR share the same viewing geometry and have a similar FOV. The LWP
is retrieved directly in the MWR and can be estimated with the SSFR retrieved properties
using Equation 2.7, assuming the effective radius is much larger than the wavelength of light
and the effective radius and liquid water content do not vary within the sampling volume.
Figure 3.7 shows the time series of the LWP for 16 May 2010 as shaded regions that include
the uncertainty. The same gaps in the SSFR retrievals, described above, appear in this plot.
The two retrievals agree within their respective limits of uncertainty.
Figure 3.7: Time series of the retrieved microwave radiometer LWP (gold) and SSFR LWP
(blue) from 16 May 2010 aboard the Atlantis. The width of the line represents the uncertainty
of the respective retrieval.
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3.3 CalNex Cloud Statistics
The Atlantis was deployed between 14 May 2010 and 5 June 2010 off the coast of
California. One-third of these days exhibited a diurnal cloud pattern that has been docu-
mented in previous studies [Minnis and Harrison, 1984; Blaskovic et al., 1991; Duynkerke
and Teixeira, 2001]. The cloud amount and liquid water path in marine boundary layer
clouds was shown in these studies to be at its maximum just before sunrise, decreasing
through the afternoon, and increasing again after sunset. The LWP pattern during CalNex
is shown in Figure 3.8b where the CalNex-wide hourly average LWP is shown as a function
of local solar time. This pattern is consistent with the previous findings. As cloud amount
decreases, the cloud scene becomes more broken and more inhomogeneos. Under these con-
ditions the irradiance observations become more variable. Under more homogeneous clouds,
the irradiance is less variable. In Figure 3.8a, the ratio of the mean to the standard deviation
(the inverse of the variation coefficient) of the ship SSFR irradiance observations is shown.
The mean and standard deviation were calculated over one minute intervals and the ratio
quantifies the variability of the irradiance. The ratio was averaged hourly over the course of
the entire campaign. The ratio is relatively high under homogeneous conditions, decreasing
with inhomogeneity. Figure 3.8a shows the daylight portion of the diurnal pattern in cloud
amount.
The distribution of the optical thickness in marine boundary layer clouds for 18 overcast
scenes (a scene was defined as a 58 km2 Landsat image) was shown to be approximated by a
gamma distribution [Barker et al., 1996]. We compare the shape of the cloud optical thickness
distribution averaged over the entire CalNex campaign. . In comparing the statistics of
optical thickness it is important to reiterate the fact that for the SSFR retrievals only values of
retrieved optical thickness greater than 5 were considered here. Figure 3.9 shows the observed
probability density function (PDF) and the best-fit gamma PDF. The two parameters that
define the gamma PDF are the mean optical thickness (< τ >) and the variability parameter
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Figure 3.8: (a) The CalNex-wide hourly average of the ratio of the mean irradiance (F¯ ) at
515 nm and standard deviation (σF ) calculated of the irradiance at 515 nm. The irradiance
statistics were calculated over one minute intervals, from the ship based SSFR observations.
(b) The CalNex-wide hourly average of the MWR retrieved LWP. Both are shown as a
function of local solar time.
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(ν = (< τ > /σ)2) which is the ratio of the mean and standard deviation of the observed
optical thickness. For the CalNex campaign < τ > and ν were 23.3 and 2.6, respectively.
The mean optical thickness was slightly higher, 23.3 compared to an upper value of 18.17
from Barker et al. [1996], but ν was within the range found in the Barker et al. [1996] study.
These values are summarized in Table 3.4.
Barker overcast scene averages
CalNex SSFR radiance re-
trieved optical thickness
< τ > 13.43±4.74 23.3
ν 7.98±6.29 2.6
Table 3.4: Average mean optical thickness and variability parameter (ν = (< τ > /σ)2), the
ratio of the mean optical thickness to the standard deviation, from Barker et al. [1996] for
cloud scenes designated as overcast compared to the values retrieved during CalNex.
Figure 3.9: The probability density function of the ship SSFR radiance retrieved cloud
optical thickness (green) and the gamma PDF (blue).
The distribution of liquid water path has also been studied from satellite data. The
LWP can be approximated by Equation 2.7 using the cloud properties retrieved from the
ship SSFR radiance observations. Previous studies have shown that the PDF of LWP can
also be approximated by the gamma distribution [Barker et al., 1996] and that for high cloud
fraction the LWP distribution is nearly Gaussian [Considine et al., 1997]. Figure 3.10 shows
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the PDF of the LWP retrieved from the SSFR and MWR during CalNex and from Considine
et al. [1997] using Landsat data of marine boundary layer clouds. The Considine et al. [1997]
PDF shown here was constructed with cloud scenes where the cloud fraction was found to be
between 99% and 100%. The LWP was retrieved using the visible channel 830 nm to retrieve
the optical thickness and assuming a constant effective radius of 10 µm. The shapes of the
LWP PDF from the SSFR radiance observations and the PDF from Considine et al. [1997]
are similar for low LWP, less than 50 gm−2. The LWP observed during CalNex by the SSFR
tends towards higher values than the previous study from Landsat data. The LWP observed
by the MWR during CalNex resulted in a PDF with larger values of LWP than both the
SSFR and the previous Landsat study. The Landsat and ship SSFR derived LWP were both
estimated using Equation 2.7 which assumes a cloud effective particle radius constant with
cloud height. One possible explanation for the discrepancy is that this assumption does not
hold over the course of the CalNex campaign, though it matched well for the 16 May 2010
case (Figure 3.5).
Figure 3.10: Probability density functions for CalNex liquid water path observations from
the microwave radiometer (red) and the ship SSFR radiance retrieved LWP (blue), compared
to a previous study of LWP using Landsat data [Condisine et al., 1997].
Chapter 4
Observations of cloud transmittance susceptibility off the coast of California
during CalNex
4.1 Theory
The cloud albedo susceptibility (SA) as defined in Twomey [1991] and Platnick and
Twomey [1994] quantifies the change in cloud reflectance that results from a change in the
cloud droplet number concentration (N) under the assumption of constant cloud liquid water
content and liquid water path. The transmittance susceptibility (ST ) can be defined as:
STλ =
dTλ(τλ, $λ, gλ)
dN
=
∂Tλ
∂τλ
dτλ
dreff
dreff
dN
+
∂Tλ
∂$λ
d$λ
dreff
dreff
dN
+
∂Tλ
∂gλ
dgλ
dreff
dreff
dN
(4.1)
where Tλ is the cloud transmittance, N is the cloud droplet number concentration, τλ is
the cloud optical thickness, reff is the effective radius, and gλ is the asymmetry parameter.
Characterizing the interactions of radiation and cloud droplets requires the cloud optical
thickness, or equivalently, column integrated extinction (τ), and cloud effective particle ra-
dius. Quantifying the change in cloud reflectance or transmittance with respect to a change
in cloud droplet number concentration requires understanding how the optical thickness and
effective radius are affected by a change in cloud droplet number concentration, which can
be related to the effective radius through the following approximation:
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N ≈ 3w
4piρlkr3eff
(4.2)
where w is the liquid water content, ρl is the density of liquid water, reff is the cloud
effective particle radius, and k is a factor that relates the effective radius to the physical
droplet radius. Under the assumption of a vertically and horizontally homogeneous cloud
the optical thickness can be expressed as:
τλ =
3QextwH
4ρlreff
(4.3)
where H is the geometrical thickness of the cloud. Using two-stream theory and in the
conservative scattering limit, the transmittance calculated with irradiance can be expressed
as [Bohren et al., 2007]:
T =
2
2 + τ(1− g) (4.4)
where g is the asymmetry parameter.
Twomey [1974] showed that increased CCN leads to a cloud with higher number con-
centration of cloud droplets that are smaller in size when compared to a cloud formed with
lower CCN concentrations available. Quantifying the change in transmittance due to a
change in cloud droplet number concentration starts with Equation 1.1. Under the assump-
tion of constant liquid water content, an increase in N would result in a decrease in effective
radius. Equation 4.3 shows that a decrease in effective radius results in an optically thicker
cloud. The transmittance (Equation 4.4) decreases with increased cloud optical thickness,
resulting in negative values of susceptibility.
In this work transmitted radiance and irradiance observations are used in the suscep-
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tibility calculations. Their dependence on cloud optical thickness is shown in Figure 4.1.
The irradiance decreases monotonically with increasing optical thickness which results in
negative values of cloud transmittance susceptibility. The radiance, however, increases with
increasing optical thickness for optical thickness less than 5, due to increased scattering.
Attenuation dominates for optical thickness larger than 5, and the radiance decreases with
increasing optical thickness. The result is cloud susceptibility that is positive for optical
thickness less than 5 and negative values for optical thickness larger than 5. The most sus-
ceptible clouds have large absolute values of susceptibility. The sign is just can indication of
an increase or decrease in transmittance.
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Figure 4.1: Modeled transmitted radiance (blue) and irradiance (green) at 515 nm as a
function of cloud optical thickness. These curves were calculated with an effective radius of
10 µm.
4.2 Experiment and data
The CalNex experiment focused on understanding the interactions between air quality
and climate change. It was conducted over inland southern California and the California
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coastal regions of the Pacific Ocean during May and June of 2010 [http://www.esrl.noaa.gov/csd/calnex/]
by the National Oceanic and Atmospheric Administration, the California Air Resources
Board, and the California Energy Commission. It included instrumentation deployed at sev-
eral ground sites, on the Woods Hole Oceanographic Institute R/V Atlantis (herein referred
to as Atlantis), and on three research aircraft, the NOAA WP-3D, the NOAA Twin Otter,
and the National Aeronautics and Space Administration DC-8. The data relevant to this
work were collected aboard the Atlantis by the SSFR and a CCN counter developed by
Droplet Measurement technologies Roberts and Nenes [2005]; Lance et al. [2006].
The cloud optical thickness and effective particle radius were retrieved from the CalNex
observations by applying the cloud retrieval algorithm described in Chapter 2. The algorithm
uses the transmittance at 515 nm and the spectral slope near 1600 nm to retrieve the cloud
optical thickness and the cloud particle effective radius. It was applied to both the zenith
radiance and irradiance observations made from the SSFR deployed on the Atlantis. The
application of this algorithm was covered in Chapter 3.
The CalNex cloud observations occurred over 13 days. The data for these retrievals
were collected in two regions, one north (hereafter called north region) of 35oN and closer
to Los Angeles, and the other south (south region) of 35oN and closer to San Francisco. For
the retrieval results to be considered valid, the retrieved optical thickness must be larger
than 5, the retrieved effective radius between 4 µm and 30 µm, and the effective radius
uncertainty less than 2 µm. For more details see Section 3.1.7. The CalNex data resulted
in approximately 80,000 valid retrievals, 50,000 occurring in the south region and 30,000
occurring in the north region.
4.3 Radiative transfer model
The radiative transfer model used in the susceptibility calculations and in the retrieval
is a plane-parallel model described in Coddington et al. [2008a] and Bergstrom et al. [2003].
The model used a Mie code [Evans, 1998] to calculate the optical properties of the cloud
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droplets, making the results presented here valid only for spherical water droplets. The out-
put of these calculations were (1) the single scattering albedo (ω0), the probability that a
photon will be scattered in a single interaction with a particle, (2) the Legendre series coeffi-
cients of the phase function, and (3) the extinction. The droplet size was assumed to follow a
gamma distribution [Chylek and Ramaswamy, 1982] with an effective variance of 0.1. Ocean
surface albedo was from Coddington et al. [2008a]; the profile for temperature, pressure,
and the gaseous constituents was for a midlatitude summer atmosphere in [Anderson et al.,
1986].
The forward model was used to calculate radiance and irradiance at the spectral res-
olution of the SSFR for the 14 wavelengths used in the retrieval algorithm (515 nm and 13
wavelengths between 1565 nm and 1634 nm). These calculations were performed for clouds
with optical thickness between 0.1 and 0.9 at an interval of 0.1 and between 1 and 100 at an
interval of 1. The effective radius was varied from 1 µm to 30 µm in steps of 1 µm. Results
were interpolated to an effective radius resolution of 0.01 µm and an optical thickness reso-
lution of 0.1. The cosine of the solar zenith angle (µ0) was varied from 0.05 to 1.0 in steps
of 0.05 and interpolated to a resolution of 0.01. Spectral radiance and irradiance were calcu-
lated for 30 levels in the atmosphere. The values used for the susceptibility calculations were
at the surface for transmittance and the top of the model atmosphere which corresponds to
an elevation of 37 km for reflectance.
4.4 Cloud Susceptibility
The procedure outlined in Platnick and Oreopoulos [2008], and summarized here, was
used to calculate the transmittance susceptibility. The transmittance is calculated using
both radiance (I) and irradiance (F):
Tradiance = piItrans/µ0F0 (4.5)
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Tirradiance = Ftrans/µ0F0
where µ0 is the cosine of the solar zenith angle and F0 is the top-of-atmosphere irradi-
ance. In the theoretical discussion it was shown how a change in cloud droplet concentration
resulted in changes to the effective radius, optical thickness, and cloud transmittance, un-
der the assumption of constant liquid water content. The numerical calculations of cloud
transmittance susceptibility (∆T/∆N) are initiated by choosing the change in cloud droplet
concentration, chosen as ∆N=10 cm−3 for this work.
The transmittance was calculated with the radiative transfer model which takes as
inputs the cloud optical thickness and effective particle radius. The changes of the asymmetry
parameter and the single scattering albedo with respect to the effective radius were derived
from the Mie calculations used with the model, making the change in transmittance with
respect to cloud droplet concentration:
∆T = T (τ, reff )− T (τ + ∆τ, reff + ∆reff ) (4.6)
The change in effective radius with respect to a change in cloud droplet concentration was
calculated with the following:
∆reff
reff
=
 1
1 +
4piρl∆Nkr
3
eff
3w
 13 − 1 (4.7)
where w is the liquid water content, ρl is the density of liquid water, and the parameter
k is determined by the relationship between effective radius and the cloud droplet radius:
r3eff ≈ krv3. The value of k was chosen as 0.73 which is the average of the values in clouds
over ocean and over land found in Martin et al. [1994]. This value was chosen because the
Atlantis was expected to encounter a mixture of clouds formed over land and ocean. Radke
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et al. [1989] observed liquid water content in maritime clouds. The values ranged from 0.2
gm−3 to 0.6 gm−3, and averaged about 0.3 gm−3. In this work the value of 0.3 gm−3 was
used. This value of liquid water content was used in this work as in previous studies of
susceptibility [Platnick and Twomey, 1994; Platnick and Oreopoulos, 2008]. Platnick and
Oreopoulos point out that the susceptibility calculations can be approximated for other
values of liquid water content by scaling with 0.3/w. The change in optical thickness with
respect to effective radius can be evaluated with:
τλ + ∆τλ = τλ
 1
1 +
∆reff
reff
 (4.8)
The first term on the right hand side of Equation 4.1 is calculated with Equations 4.6 through
4.8. The second and third terms are calculated using Equations 4.6 and 4.7 and the Mie
calculations used with the radiative transfer model. The susceptibility is calculated with
Equation 4.6 divided by the change in cloud droplet concentration (∆N=10 cm−3).
4.5 Modeled cloud susceptibility
Figure 4.2 shows the modeled cloud transmittance irradiance susceptibility and the
transmitted radiance susceptibility calculated at a solar zenith angle of 60o. The cloud
transmittance susceptibility quantifies the change in transmittance for a change in cloud
droplet number concentration. The transmittance was calculated for radiance and irradiance
using Equation 4.5. Positive values of transmittance susceptibility indicate an increase in
transmittance for an increase in cloud droplet concentration and negative values indicate
a decrease in transmittance. In either case the larger the absolute value of transmittance
susceptibility, the more susceptible the cloud is. For example, the transmitted irradiance
susceptibility for a cloud with optical thickness of 20 and an effective radius of 10 µm is
-0.008 cm3, meaning that the transmittance decreases 0.008 for an increase in the cloud
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droplet number concentration of 10 cm−3.
To explore the differences of the susceptibility in the visible and near infrared, the cal-
culations were done at 515 nm and 1634 nm. These wavelengths represent spectral regions
where liquid water is nonabsorbing and absorbing, respectively. The difference is shown
graphically in Figure 2.5 which shows modeled transmittance spectra calculated with radi-
ance for four values of optical thickness and for two effective radii. At wavelengths shorter
than 1100 nm the larger particles (25 µm) have a higher transmittance due to increased for-
ward scattering. At wavelengths longer than 1400 nm, absorption dominates and the larger
particle results in lower transmittance due to increased absorption. This crossover point
occurs between 1100 nm and 1400 nm, the exact location is determined by the magnitude of
cloud absorption.
Transmitted irradiance monotonically decreases with increasing optical thickness which
increases with an increase in cloud droplet concentration. The negative values of cloud sus-
ceptibility in Figure 4.2 indicate that with increasing N, the transmittance is decreasing.
Transmitted radiance, however, increases with increasing optical thickness for values of opti-
cal thickness less than about 4 or 5 and then decreases with increasing optical thickness. This
can be seen in the transmittance susceptibility calculations in Figure 4.2a and 4.2b where
the cloud transmitted radiance susceptibility is positive when optical thickness is less than
about 5 and negative for larger values of optical thickness. The zenith radiance is measuring
portion of the diffuse sky irradiance and this shows at these lower values of optical thickness
that the diffuse radiation is increasing. In radiance, clouds are most susceptible when optical
thickness is between 15 and 30 and effective radius larger than 15 µm. In irradiance, cloud
transmittance susceptibility is similar, but peaks at optical thickness less than 10 and it does
not result in positive values. These results show that the radiance and irradiance are most
susceptible under clouds with large droplets. They are most susceptible for moderately thick
clouds and are less susceptible to change as the clouds become thicker.
Figure 4.3 shows the difference of the transmittance susceptibility at 1634 nm and 515
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Figure 4.2: Model calculations of transmittance with a µ of 0.5, an ocean albedo, and mid-
latitude summer atmosphere. The values of susceptibility are shown for radiance (parts a
and b) and irradiance (parts c and d) at 515 nm (parts a and c) and 1634 nm (part b and
d). The susceptibility is shown as functions of cloud optical thickness and effective radius.
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nm for radiance (left hand plot) and irradiance (right hand plot). The negative transmittance
susceptibility is greater in the near infrared for optical thickness less than 20 and effective
radius larger than 15 µm. At optical thickness larger than 30 and effective radius larger
than 15 µm, the clouds are more susceptible at 515 nm so the difference in susceptibility
becomes a positive value, meaning that in this range the infrared wavelengths are more
affected, relatively, by a change in CCN. As the transmittance approaches 0, the change in
transmittance and, hence, the transmittance susceptibility will be low. The transmittance at
1634 approaches 0 faster than transmittance at 515 nm as a result of liquid water absorption.
The result is higher susceptibility at 515 nm at large optical thickness and large effective
radius.
Figure 4.3: Model calculations of the difference in the cloud transmittance susceptibility at
1634 nm and 515 nm for radiance and irradiance. The difference is shown as a function of
optical thickness and effective radius.
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4.6 Observed susceptibility
Figure 4.4 shows the relative frequency (relative to the total number of retrievals) of
the cloud transmittance susceptibility calculated using the SSFR radiance and irradiance
observations at 515 nm (4.2a) and 1634 nm (4.2b). Figure 4.4c and Figure 4.4d show the
relative frequency of the effective radius and optical thickness for the irradiance and radiance
retrievals. The histograms of cloud transmittance susceptibility peak near 0 mm3, showing
that the clouds encountered during CalNex were not highly susceptible. The retrieved ef-
fective radii peak around 7 µm for the radiance based retrievals and two peaks 7 µm and
11 µm for the irradiance based retrievals. This range of effective radius was shown in the
model calculations in Section 4.5 to be on the lower end of the susceptibility scale.
Figure 4.4: Transmittance susceptibility histograms from the CalNex campaign calculated
using irradiance (blue) and radiance (green) at (a) 515 nm and (b) 1634 nm.
The CalNex clouds were generally in the effective radius range where the difference
in the susceptibility at 515 nm and 1634 nm was shown to be small (< 15 µm). Figure
4.4a and Figure 4.4b show the histograms for the susceptibility at these two wavelengths.
The most significant difference is the longer “tail” in the histogram for susceptibility at 515
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nm. There are more susceptibility values less than -2 mm3 at 515 nm than at 1634 nm.
Figure 4.5 explores this difference by subdividing the relative frequencies of effective radius
and optical thickness by values of susceptibility greater than and less than -2 mm3. Greater
susceptibility is the result of clouds with larger effective radius which is in agreement with
the modeled results of Figure 4.3.
Figure 4.5: Cloud optical thickness and particle effective radius for the values of susceptibility
less than -2 mm3 (dashed) and greater than -2 mm3 (solid) for radiance (green) and irradiance
(blue).
Because there are no previous studies of the cloud transmittance susceptibility using
field data, the radiative transfer model was used to calculate the CalNex reflectance sus-
ceptibility using the cloud retrievals made from the SSFR observations and compared to
the results of Oreopoulos and Platnick [2008]. Oreopoulos and Platnick [2008] used MODIS
observations from one month in each of the four seasons in 2005 to calculate the reflectance
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susceptibility. Their results show some seasonal dependence on the cloud reflectance sus-
ceptibility. We chose to compare to the April data since it is nearest to the time of year
that CalNex was conducted, between mid-May and early June. The Oreopoulos and Plat-
nick [2008] results covered the globe and were subdivided into observations over land and
ocean. Figure 4.6 shows the comparison of the Oreopoulos and Platnick [2008] data and
the reflectance susceptibility calculations based on the CalNex surface observations. The
reflectance susceptibility histograms confirm the conclusion of Figure 4.4 that the CalNex
clouds not susceptible. The distribution of CalNex cloud reflectance susceptibility peaked at
much lower values than the MODIS observations for land and ocean cases.
Figure 4.6: The reflectance susceptibility from Oreopoulos and Platnick [2008] over land
(yellow) and ocean (green) compared to CalNex reflectance susceptibility calculated with
irradiance (blue) and radiance (red) at 515 nm.
The clouds retrievals were divided into a north region and a south region with more
retrievals occurring in the south region. Figure 4.7 shows the histograms of the cloud trans-
mittance susceptibility for the irradiance and radiance at 515 nm for the north and south
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regions. The south region is less susceptible than the north region with the majority of the
cloud susceptibility between 0 and -1 mm3. The north region on the other hand is a broader,
more uniform distribution, from 0 to -3 mm3. Figure 4.8 shows the optical thickness and
effective radius for these regions along with the CCN data taken aboard the Atlantis. This
figure shows that for the more susceptible clouds in the North, the effective radius is larger
and the CCN at the surface is considerably lower than the data in the south region. Though
the CCN observations do not indicate the CCN concentration at cloud level, the fact that
increased CCN (green curve, Figure 4.8c) occurs with decreased effective radius (green curve,
Figure 4.8b) and increases in optical thickness (green curve, Figure 4.8a) is consistent with
expectations [Twomey, 1974].
Figure 4.7: Relative frequency of the transmittance susceptibility for two areas where the
CalNex cloud retrievals occurred, one north and one south of 35oN. These are shown for the
irradiance and radiance observations at 515 nm.
Figure 4.9 compares the Oreopoulos and Platnick [2008] cloud reflectance susceptibil-
ity with the CalNex data observed in the north and south regions, shown in Figure 8. The
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Figure 4.8: Relative frequency of the cloud optical thickness, cloud particle effective radius,
and the cloud condensation nuclei number concentration for two areas where the CalNex
cloud retrievals occurred, one north and one south of 35oN.
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comparison shows that the susceptibility peak below 0.5 mm3 is largely confined to obser-
vations taken in the south region. The shape of the histogram of the data from the north
region resembles a mix of the shapes of the land and ocean histograms of the Oreopoulos
and Platnick observations.
Figure 4.9: Relative frequency for the Oreopoulos and Platnick data compared to the CalNex
histograms for reflectance susceptibility calculated with irradiance at 515 nm observed north
(blue) and south (red) of 35oN latitude.
Chapter 5
Conclusions
The global view of clouds and their radiative properties from the surface is limited.
There are no global networks for monitoring radiation from the surface comparable to ISCCP
and CERES from satellite. Radiative cloud properties, optical thickness and effective radius,
derived from these radiation observations are not available from the surface due to a lack
of sensitivity to the effective radius. This information gap puts a limitation on the ability
to quantify the distribution of the Earth’s energy budget. The ability to derive these cloud
cloud properties and observe the resulting cloud transmittance would provide a constraint
on the energy budget that would improve our understanding of the distribution of energy in
the Earth and its atmosphere.
Clouds have a strong influence on the flow of energy, yet are not entirely understood.
It is not yet understood how clouds will respond to a warmer and more polluted atmosphere
[Forster et al., 2007]. Cloud absorption is still not understood completely. Discrepancies in
cloud absorption in the near infrared observed by satellite were presented by Collins [1998],
for example. Additional information provided from the surface about clouds and radiation
could help in answering some of these questions. In this thesis the goals were to: 1) develop
a method to retrieve cloud optical thickness and effective radius form the surface, 2) validate
this algorithm through comparisons with more established cloud observations, and 3) a study
of the potential impact of aerosol on clouds through calculations of the cloud transmittance
susceptibility.
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5.1 Cloud retrieval algorithm
A new spectral algorithm for the retrieval of cloud optical thickness and cloud particle
effective radius from cloud transmittance was introduced. This was necessary because the
dual-wavelength approach, which is used in standard reflectance-based retrievals, is not
adequate for cloud transmittance. In particular, the effective radius retrievals are associated
with large uncertainties, especially for optically thin clouds (τ < 25). The new algorithm
uses the continuous spectrum measured by the SSFR and SWS instruments. It exploits the
spectral shape of cloud transmittance in the near infrared wavelength range to increase the
sensitivity to the effective radius even for thin clouds. The higher sensitivity is achieved
by using the transmittance at 515 nm and the spectral slope of transmittance from 1565 nm
to 1634 nm. Normalizing the near infrared transmittance by its value at 1565 nm before
calculating the spectral slope reduces the dependence of the retrieval on spectrally correlated
errors, such as radiometric uncertainty.
To compare the retrieval accuracy for the standard (dual-wavelength) method with
that of the new spectral method, the instrument uncertainties were propagated through
both algorithms. The standard and spectral retrievals were applied to selected field data
from the ARM SGP facility and from ICEALOT. For the thicker cloud cases encountered
at the SGP site, the average retrieved effective radius and optical thickness from the two
retrieval methods were virtually identical whereas for the thinner clouds from ICEALOT, the
standard method retrieved considerably higher effective radius values that were associated
with large uncertainties. When defining 2µm as the upper uncertainty threshold for an
effective radius retrieval to be regarded as meaningful, the standard method failed to provide
valid retrievals for thin clouds (τ < 25), whereas the spectral method provided retrievals for
the entire optical thickness range. For the ICEALOT case, the application of the spectral
method resulted in nearly 3.5 times the number of valid retrievals when compared to the
standard method.
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From the retrieved optical thickness and effective radius, liquid water path was derived,
assuming vertically constant effective radius, and increasing effective radius above cloud base.
A comparison of the derived LWP with the observations from MWR favors the assumption
of vertically increasing effective radius (agreement between SSFR/SWS-derived and MWR
values within 20 %, as opposed to 55 % when assuming vertical homogeneity). Explaining the
differences on the basis of sensor sampling volumes and cloud inhomogeneities will require
additional work and is under investigation.
Retrievals from two MODIS overpasses over the SGP site were also compared to the
SWS retrievals. The MODIS pixels surrounding the site showed a more homogeneous cloud
scene for the Aqua overpass on 10 April 2007 than for the Terra overpass. The disagreement
of SWS and MODIS retrievals for the latter case were therefore attributed to horizontal
cloud inhomogeneities.
More systematic studies are needed to understand the differences between the standard
and spectral retrievals, and satellite and microwave observations under varying cloud condi-
tions. In particular, model errors related to undetected ice crystals, the vertical cloud profile
(including multi-layer conditions), horizontal cloud inhomogeneities, and the spectral shape
of surface albedo need to be further analyzed. Preliminary calculations showed that when
replacing a spectrally constant with a spectrally increasing surface albedo (red vs. dotted
line in Figure 2.1) in the forward calculations, the retrieved effective radius changed by up
to 11 %.
5.2 Application to CalNex
The cloud retrieval algorithm in Chapter 2 was applied to the radiance and irradiance
observations taken aboard the WHOI R/V Atlantis and the NOAA WP-3D. Comparisons
were made between cloud retrievals from different viewing geometries to validate the spectral
cloud transmittance algorithm. The data used in the validation was collected during CalNex
on 16 May 2010, a day featuring coordinated observations between the P3 and Atlantis.
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The coordination allowed for comparisons of cloud properties obtained from below the cloud
deck from the Atlantis and the P3, within the cloud from the P3, and from above the cloud
from satellite and the P3. The comparisons with the optical thickness and LWP retrievals
showed an expected dependence on the instrument FOV. The percentage of the retrievals
where the uncertainties overlapped increased as the difference in the FOV of the instruments
decreased. The comparisons between the ship SSFR radiance derived LWP and the MWR
LWP retrievals had the highest percentage of overlap at 99% with a FOV differing by a factor
of 2. The comparisons to the ship SSFR radiance retrievals to the ship SSFR irradiance and
GOES retrievals resulted in agreement 30% and 22% of the time with the FOV differing
by a factor of about 50 and 400, respectively. Comparisons of the GOES retrieved optical
thickness and the SSFR optical thickness retrievals averaged over 15 minutes were shown to
be within 15.2% and 19.1% for the radiance and irradiance retrievals, respectively.
During the 16 May 2010 case, there was a period of approximately 90 minutes where
the P3 flew a coordinated pattern near the Atlantis. The average in-situ effective radius pro-
file was collected during this time period and resulted in a vertical profile with an average
effective radius of 7.7 µm. The mean effective radius retrieved from the ship SSFR radiance
during the coordinated flight leg was 5.7 µm. The retrievals from the ship SSFR irradiance
and GOES resulted in mean values of 9.5 µm and 11.5 µm, respectively. The variability
in effective radius obtained through remote sensing techniques with different sampling vol-
umes has been documented in the past [Twomey and Cocks, 1989; Rawlins and Foot, 1990;
Nakajima et al., 1991] and is the most likely contributor to the variability seen in these
retrievals.
In addition to the validation of the transmittance algorithm, cloud statistics for the
CalNex campaign were provided. It was shown that the marine boundary layer clouds
encountered during the campaign followed a diurnal pattern observed in marine boundary
layer clouds similar to analysis provided in previous studies. The LWP retrieved from the
MWR showed the entire diurnal cycle of the LWP. For the optical methods, the daylight
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half of the diurnal pattern for cloud amount was shown using the variability of parameters
derived from SSFR irradiance measurements. Using Landsat observations over cloud scenes
with high cloud fraction, the cloud optical thickness [Barker et al., 1996] and cloud LWP
[Considine et al., 1997] were shown to be representative of a gamma distribution. The CalNex
surface observed cloud optical thickness PDF was shown to be representative of a gamma
PDF and the fit gamma parameters, the average optical thickness (¡τ¿) and the variability
parameter (ν = (< τ > /σ)2), similar to the averages obtained by Barker et al. [1996] for 18
high cloud fraction scenes. The average optical thickness for CalNex was 23.3 compared to
the upper value of the Barker et al. averages of 18.17 and the ν for CalNex was 2.6 compared
to the range of 7.98±6.29. The shape of the CalNex ship SSFR radiance derived LWP PDF
was similar to that found from Landsat observations taken over cloud scenes with high cloud
fraction. The LWP observations from the MWR during CalNex resulted in a PDF that was
different from the SSFR LWP and the previous Landsat study. The difference is most likely
the result of the different sampling volumes of the instruments.
5.3 Cloud transmittance susceptibility
For the first time the cloud transmittance susceptibility, the change in cloud transmit-
tance for a change in cloud droplet number concentration, was calculated from observations
of cloud transmittance and retrieved cloud optical thickness and effective radius. Model cal-
culations showed the dependence of the cloud transmittance susceptibility on cloud optical
thickness and effective radius. The susceptibility was shown to increase with increasing ef-
fective radius and decrease with increasing optical thickness. In transmittance, clouds show
maximum susceptibility for optical thickness less than about 5 above which there is a tran-
sition to negative values of susceptibility. The most susceptible clouds occur for effective
radius larger than 15 µm optical thickness between 20 and 30 when using the radiance and
between 0.1 and 30 when using irradiance.
The difference between the transmittance susceptibility in the visible and near infrared
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was explored. Clouds are relatively more susceptible in the near infrared, for optical thickness
less than 30, though it is important to note that the top-of-atmosphere irradiance at these
two wavelengths differ by an order of magnitude. At 1634 nm, clouds are less susceptible
at optical thickness larger than about 30 and for larger values of effective radius. In thick
clouds with large particles the absorption is strong and the transmittance is low, leading to
low susceptibilities.
The cloud susceptibility was calculated for the CalNex campaign using the observations
of radiance and irradiance. The cloud optical properties were retrieved using transmitted
radiance and irradiance observed by the SSFR aboard the Atlantis. Comparisons of these
calculations to the model calculations of cloud transmittance susceptibility showed that the
CalNex clouds were not highly susceptible. The effective radius for these clouds was shown
to peak around 7 µm with the radiance observations and showed a bimodal peak with the
irradiance observations at 7 µm and 11 µm. The cloud optical thickness peaked near 10 for
the radiance and about 15 for the irradiance. These cloud optical properties are consistent
with the low susceptibility values obtained. The difference in the observed transmittance
susceptibility at 515 nm and 1634 nm was shown to be largest for clouds with effective radius
larger than 12 µm.
Comparisons were made to cloud reflectance susceptibility observed by Oreopoulos and
Platnick [2008]; no independent observations of clouds transmittance susceptibility are avail-
able. Oreopoulos and Platnick used one month of global MODIS data. Their calculations
were divided into reflectance susceptibility for clouds over land and ocean. The coastal Cal-
ifornia reflectance susceptibility calculations made with the CalNex cloud observations were
shown to be lower than the Oreopoulos and Platnick global land and ocean observations.
The CalNex cloud observations were divided into the northern (near San Francisco,
CA) and southern (near Los Angeles, CA) regions where clouds were encountered. It was
shown that the southern clouds were less susceptible than the clouds encountered in the
north. The histogram of the reflectance susceptibility of the clouds encountered in the north
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was shown to more similar to the results of Oreopoulos and Platnick [2008]. The cloud
optical properties encountered in the north had an average effective radius of 10.1 µm and
7.3 µm in the south. The average cloud optical thickness was 24.9 in the south and 28.6 in
the north. Observations of surface CCN concentration resulted in a distribution that peaked
around 700 cm-3 in the south and less than 100 cm-3 in the north. Although this does not
show the CCN concentrations at cloud level, the larger effective radius and lower optical
thickness encountered with the lower CCN concentrations is consistent with the lower cloud
susceptibility observed.
Observations of cloud transmittance susceptibility provide a constraint on the impacts
of aerosol-cloud interactions on cloud transmittance. This study provides a view of coastal
and maritime clouds, but this work could be extended to a series of land-based remote
sensing stations, for example the Atmospheric Radiation Measurement (ARM) Climate Re-
search Facility [Stokes and Schwartz, 1994]. Though clouds formed over land tend to be less
susceptible [see Oreopoulos and Platnick, 2008, for example], studies such as these could
provide long term datasets that would aid in understanding differences in surface remote
sensing and satellite remote sensing calculations of susceptibility. One significant difference
between surface based remote sensing and satellite remote sensing is the smaller sampling
volume of the surface based instrument, particularly for low level clouds. The availability
of surface observed radiance, surfaced observed irradiance, and satellite retrievals provides
three different sampling volumes to explore the effects of cloud inhomogeneities on the sus-
ceptibility calculations. An understanding of the effects of cloud inhomogeneities on clouds
and susceptibility observations would provide a more realistic sense of the potential impact
of an increasing aerosol burden on clouds.
5.4 Future work
Improvements to the retrieval algorithm could be expected from using spectral slopes
not only around 1.6µm, but also in other wavelength regions, which could further decrease
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the dependence on spectrally correlated errors. It is also possible to use the spectral shape
directly, without going through a linear regression of the data that is used to obtain the
slope. Since the actual shape deviates from the linear behavior, this may reduce the model
contribution to the total retrieval error. The error analysis presented in this paper is only
preliminary. A more thorough probabilistic assessment based on optimal estimation theory
and a method by Vukicevic et al. [2010] will be undertaken. In this way, the contributions
of correlated, uncorrelated, and model error components can be clearly separated, the infor-
mation content can be obtained, and the retrieval error can be placed on a sounder footing.
The method in Coddington et al. [2011] which uses the Shannon Information Content will
be employed. This allows for a more systematic way to quantify the ability of the algorithm
to retrieve cloud properties. This method has been applied to hyperspectral cloud observa-
tions by Coddington et al. [2011]. The information content can provide a more quantifiable
method to select retrieval wavelengths and possibly improve the algorithm.
The differences in the retrieved effective radii in Chapter 3 are significant from a cloud
forcing point of view and require further study. It was suggested in Section 3.1.5 that the
differences could be the result of horizontal heterogeneity, but other possible explanations
include vertical heterogeneity, viewing geometry, and instrument calibration, to name a few.
Marshak et al. [2006] showed that over heterogeneous clouds, cloud reflectance retrieved
effective radius can be both overestimated and underestimated. The extent to which hetero-
geneity plays a role in the transmittance effective radius retrievals can be explored through
3D modeling studies, including the individual contribution of horizontal and vertical het-
erogeneities. The CalNex dataset was the first application of the transmittance retrieval
algorithm outside of hand-selected cases and the impacts of cloud heterogeneity on cloud
transmittance retrievals is a matter of ongoing research. The spectral observations of the
SSFR can potentially be utilized to quantify cloud heterogeneity; Kokhanovsky and Rozanov
[2011] is one example. They use optimal estimation and the fact that the spectral cloud re-
flectance is dependent on the vertical profile of effective radius to derive the effective radius
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profile.
More work will be done with the cloud transmittance susceptibility calculations. The
comparisons made to the global calculations performed with MODIS data in Oreopoulos and
Platnick [2008] are a reasonable way to put the CalNex calculations into perspective, but it
would be better to compare to the MODIS calculations done in the same region. Previous
works have calculated a relative susceptibility, a calculation that that is not dependent on
the structure of the clouds which is often unknown. In addition, calculations will be made
using ceilometer and radar data to quantify the cloud thickness which will avoid assuming
the constant liquid water content. The calculations will also be performed with the radiance
and irradiance to demonstrate the differences in the energetic impact between the visible
and near infrared wavelengths.
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